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Summary
This  thesis  regards the  removal  process of  alkali  metals  using  solid  sorbents  at  high
temperature for future applications of syngas, obtained by plasma gasification of sewage
sludge, in a Solide Oxide Fuel Cell (SOFC). Current removal contaminants processes are
at low-medium temperature while the studied removal process at high temperature is one
of  the  phases  of  a  designed  system for  future  implementation  that  would  lead  to  an
increase of the electrical and combined heat and power (CHP) efficiency of the integrated
system.  The micro CHP plant, made up of a plasma gasifier, gas cleaning unit and SOFC,
represents a sustainable sanitary on site solution that produce electricity, heat and water.
The SOFC requires limited contaminant's concentrations in the syngas and 1 ppm of alkali
metals has to be achieved. Available technologies to remove alkali metals are studied and
a literature  review is  made on solid  sorbents  for  the  removal  of  alkali  metals  at  high
temperature gases. The aim of this work is to further study the performance of activated
alumina  (Al2O3) which  showed  high  performances  to  remove  alkali  metals  from
experimental results found in literature and thermodynamic equilibrium calculations. In this
study is investigated the effect of temperature and moisture content on the achievable
concentration and adsorption mechanism which is a combination of physical and chemical
reactions.  Thermodynamic  equilibrium  calculations  are  performed  in  parallel  with  an
experimental  investigation.  Furthermore  the  nature  of  adsorption  whether  physical  or
chemical is investigated to better understand the process and to better control alkali metal
removal  in  future  applications.  Experimental  results  highlighted  that  there  is  not
repeatability of the test and the contaminant is not detected on the sorbent because it
reacted with the support  of  the sorbent instead of with the sorbent itself.  According to
thermodynamic  equilibrium  calculations  highest  removal  efficiency  of  95.25%  can  be
reached at 650°C when humidified nitrogen at 5.61% is used as gas carrier.  At  these
conditions, from an initial concentration of 19.5 ppm of KCl vapours, a concentration lower
than 1 ppm can be achieved. Furthermore an increase in water content increases the
removal efficiency that reaches 98.42% for a water content of 9.55%. At higher values,
water  content  start  to  have a  negative  effect  and removal  efficiency start  decreasing.
Between 5.61% and 15.69% of moisture content a final KCl concentration lower than 1
ppm can be achieved.  For  a  future experimental  investigation,  suggestions on how to
solve the problems encountered experimentally are suggested.
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1. Introduction
Sanitation facilities are still  an important issue in India and in Sub-Saharan Africa. "An
estimated 2.6 billion people in the world lack access to improved sanitation. Diseases that
are  associated  with  inadequate  sanitation  are  particularly  associated  with  poverty  and
account for 10% of the total disease burden worldwide. Poor sanitation and faecal sludge
management  not  only  have  negative  impacts  on  human  health  but  also  affect  the
environment through the contamination of water bodies, soils, and food sources. On site
sanitation  (OSS)  facilities  are  the  predominant  form  of  excreta  disposal  in  urban
populations of low income areas. However, when these facilities need emptying, there are
often inadequate facilities or financial disincentives for the proper disposal of faecal sludge
meaning that pits remain full and unusable or if emptied, sludge is disposed of directly into
the  environment  contaminating  water  resources.  This  problem  has  inspired  the
development  of  OSS technologies  that  treat  excreta directly at  or  close to  its  source,
producing safe and beneficial products with no need for further transport”[1]. Since 2011
research projects worldwide were promoted by The Bill & Melinda Gates foundation known
as “Reinvent the toilet challenge”. TU Delft proposed its sanitary and hygienic solution for
developing country and at a later time also for developed country.  The technology here
considered is assembled of a dry unit,  plasma gasifier, gas cleaning unit and SOFC.  The
entire system is self sustained both in electricity and in heat.  Several contaminants are
present in the sewage sludge-derived syngas and this thesis aims to investigate alkali
metals  removal  process  at  high  temperature  using  activated  Al2O3 as  solid  sorbent.
According  to  previous  studies  conducted  by  Aravind  and  de  Jong  [2]  maximum
concentration of alkali metals inside the SOFC must be lower than 1 ppm. At temperatures
above  675°C  ceramic  barrier  filters  do  not  capture  alkali  species  [3].  Sorbents
demonstrated to be a promising application for contaminants removal.  In most practical
applications of sorbents, a number of contaminants are present and influence the sorption
process. The process of adsorption is affected by the porosity of the sorbent, concentration
of the contaminant, temperature, water vapour content, superficial gas velocity,  particle
size of adsorbent and space velocity. The adsorption of alkali metals has received little
attention and in most cases the nature of the process whether chemical or physical is not
understood.
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1.1 Objective of this thesis
The objective of the present thesis is to study the achievable residual concentration of
alkali  metals  using  activated Al2O3 at  high  temperature  as  solid  sorbent.  Alkali  metals
removal is one of the phase of a comprehensive multi-pollutant sorbent development that
is underway in TU Delft Process and Energy laboratory. The concentration limit of 1 ppm
must be achieved before the syngas is fed in the SOFC. From the results of previous
researches,  activated  Al2O3 shows  high  performance  for  alkali  metals  removal.  The
predominant alkali species released during combustion is KCl [4]. The aim of this thesis is
to extend the investigation on activated Al2O3 using N2 as gas carrier and KCl vapors as
contaminants.  Through  thermodynamic  equilibrium  calculations  and  a  laboratory-scale
tests, the effect of temperature and water content on the removal process is investigated
to find the optimal operating conditions. Furthermore the present work aims to understand
whether phisisorption or chemisorption occurs to better understand and control adsorption
process. In particular its removal efficiency is calculated for a range of temperature going
from 650 °C to 850 °C for dry N2 and for a moisture content of 5.61%. This range of
temperature is investigated because is the range of operational temperature of a SOFC
and for practical experimental limits. Activated Al2O3 is also tested with at 650 °C with a
moisture content of 0%, 3.16 %, 5.61 % and 9.56 %. 
The structure of this thesis is following illustrated:
Firstly in  chapter 2 is reported the literature review on adsorption of alkali metals using
solid sorbents at high temperature. The review deals with the results of most interest from
previous experimental investigation and research study by different authors. Secondly the
effects on adsorption of all the influencing parameters are discussed. In chapter 3 follows
an analysis of chemical composition of sewage sludge because it is fundamental for the
design of the treatment system. The overall system, made up by a drying process of the
human excreta,   plasma gasifier,  gas  cleaning unit  and SOFC is  described.  The limit
concentration of the contaminants in the SOFC are reported and the combined high and
low temperature gas cleaning system (CTGCS) and the high temperature gas cleaning
system (HTGCS) designed for  future  implementation  are  presented.  In  chapter  4 the
contaminants  present  in  the  syngas  and  available  technologies  to  remove  them  are
discussed.  In particular technologies regarding alkali metals removal at high temperature
and its applications are discussed.  Chapter 5 deals with the thermodynamic analysis of
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the CHP plant. The effect of drying and of different gas cleaning on the electrical and total
efficiency is investigated. Two possible HTGCS and one CTGCS are considered.  The first
and the second HTGCS has 1023 K and 873 K as lowest temperature reached in the gas
cleaning  unit  respectively  while  in  the  LTGCS  the  syngas  is  cooled  down  to  20°C.
Furthermore the effect on the net electrical and CHP efficiency of the combustion of stack
depleted fuel and an additional micro steam turbine (MST), placed downstream the SOFC,
is discussed.  In  chapter 6  the ideal properties of a solid sorbent and the available and
most promising sorbents for alkali metals are presented with their removal efficiency. After
the process of adsorption is described, the interaction can be physical or chemical. Lastly,
in  order  to  study  the  reversibility  of  the  sorbent  is  investigated  the  effect  of  initial
concentration of the contaminant and the effect of temperature performing thermodynamic
equilibrium calculations.  Chapter 7 deals with the scientific methodology followed in this
thesis.  FactSage is used as software to perform thermodynamic equilibrium calculations
to predict sewage sludge-derived syngas composition and of other feedstocks. FactSage
is used also to calculate inlet and outlet molar flows and concentrations of the component
during adsorption. Lastly the operational conditions at which the sorbent is tested both in
the simulations and in the experimental investigation are reported. The experimental set-
up and procedure followed to perform the test is successively described in chapter 8. In
chapter  9 the  results  obtained  both  from  thermodynamic  calculations  and  from
experimental investigation are reported. The effect of temperature and moisture content on
the performance of activated Al2O3 is discussed. Furthermore the problems that have been
individuated during the  experimental  investigation  are listed  and recommendations are
suggested  to  solve  them for  a  future  research  in  chapter  10.  Chapter  11 draws  the
conclusions based on the studies and experimental results presented in chapter 1-10.
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2. Literature review
Lee  and  Johnson  in  1980  were  the  first  to  demonstrate  that  sodium  and  potassium
chlorides can be removed from hot combustion gases by passing them through fixed beds
of  refractory  adsorbents  [5].  Scandrett  and  Clift  [6]  studied  thermodynamics  of  akali
removal on Si, AlSi and Al2O3 using chemical equilibrium analysis concluding that Al2O3 to
SiO2 ratio of 1 to 3.6 would remove 99% in presence of water vapor at 730°C.  Also Tran et
al.[7]  and  Sharma  et  al.[8]  performed  thermodynamic  equilibrium  calculations  to
investigate  adsorption  of  alkali  metals.  The  first  used  Outokumpu  HSC  Chemistry  to
investigate sorbent's performances between 600°C and 1000 °C founding that K capture
decreases  with  increasing  temperatures  in  presence  of  water  while  the  second  used
FactSage to study aluminosilicates as sorbents to capture alkali metals above 1000 °C.
Tran et al.[7] also studied the effect of different potassium species concentrations, higher
initial  amount  of  KCl  resulted  in  higher  conversion  at  equilibrium  but  the  equilibrium
conversion of the K gases to adsorbed products decreases. Wu et al.[8] showed that the
rate of sorption on four different alumino-silicate sorbent of KCl is significantly higher than
that of NaCl, even though the concentration of KCl (55 ppm) is less than the concentration
of NaCl(70 ppm). Furthermore the rate of combined sorption of the mixed chlorides (70
ppm  NaCl  +  55  ppm  KCl)  is  less  than  additive,  indicating  some  inhibition  effect  on
potassium sorption. They achieved also a simultaneous removal of alkali, lead, and SO 2
using an alumino-silicate sorbent with calcium additive formulated in the study. When used
under multi-pollutant sorption conditions, no negative interaction or loss of activity due to
competitive  interactions  is  observed.  In  this  case,  the  interactions  is  positive  and
synergistic.   In  the  developed  sorbent,  the  alumino-silicates  matrix  acts  as  structure
modifiers  increasing  the  rate  and  the  extent  of  calcium  utilization.  Activated  bauxite
containing 81.5 wt% Al2O3 turned out to be particularly effective for alkali metals removal
[5]. Turn et al.[10] investigated the performances of different sorbents. Between Emalthite,
diatomaceous earth, kaolinite, low-temperature coal char and gasifier ash, clay, burgess
No. 10 pigment,  silica gel  dolomite and calcinated dolomite,  Emalthite has the highest
removal efficiency, 99% and 92% respectively for KCl and NaCl using syngas at 820°C
obtained by crop combustion. Dou et al.[11] investigated adsorption efficiency of bauxite,
second grade alumina,  kaoline,  acidic white  clay and activated alumina using dry and
humidified gas with NaCl vapor. The last one, which has a specific surface area of 258.3
m2/g  has  the  highest  removal  efficiency,  98.2%  reported  at  840°C.  Sodium  content
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adsorbed is up to 6.2 mg/g in a capturing time of 3 hours [12] [11]. The saturation sodium
content is up to 26 mg/g reached after 14 h. Furthermore it has high efficiency to remove
metal  alkali  vapour and HCl in a combined or simultaneous method. A common issue
which  arise  from  experimental  investigation  is  the  accurate  measurement  of  alkali
concentration at ppm values in the inlet and outlet gas. Luthra and Leblanc [13] calculated
alkali concentration in the gas carrier by thermodynamic equilibrium calculations that are
verified  experimentally  measuring  the  alkali  concentration  condensed  in  a  solution
downstream. Tran et al. [14] used a surface ionization detector for on-line measurement of
alkali metals in gas phase, it could measure alkali metal concentrations of the order of 1
ppb. Bachovchin et al. [15]  monitored the weight of the alkali sample and in this way the
gas-phase  concentration  could  be  calculated  in  real  time.  In  their  set-up  two  micro-
balances are used to simultaneously monitor the weight of vaporizing alkali salt sample
and that of the getter material, thus the instantaneous gas-phase concentration of alkali
and the rate of uptake of alkali by the sorbent was determined.  Luthra and Leblanc [13]
monitored as a function of time the weight gain of the solid sorbent that is suspended from
a microbalance. Also Li et al.[16] measured the sorbent's weight change using a balance
with a precision of 0.01 mg, in this way they can calculate the amount of contaminant
adsorbed. 
The parameters that affect adsorption process are identified:
• contact time or residence time
• particle size of adsorbent
• space velocity
• superficial gas velocity
• temperature
• concentration of the contaminant
• water vapour content
• porosity
• structure and chemical constituents of the sorbent [16]
The effect of each parameter is following discussed.
2.1 Particle size of adsorbent
Luthra and Leblanc [13] investigated sorbent sample in the form of 0.25 mm to 0.7 mm
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diameter  but  not  significant  effect  is  observed. Tran et  al.  [7]  showed that  conversion
increased when the kaolin pellet size was decreased from 1.4-2.0 mm to 0.71-1.0 mm. For
smaller size, 0.5-0.7 mm instead conversion remained unchanged. This fact suggests that
there might have been a shift from pellet pore diffusion to reaction limit conditions at that
pellet size.
2.2 Space velocity and residence time
Investigating  bauxite's  performances  Turn  et  al  [10]  found  that  decreasing  gas  hourly
space velocity (GHSV) from 18.6 s-1, 9.3 s-1 to 5.2 s-1, which correspond to an increase in
contact time of 0.05 s, 0.1 s and 0.2 s respectively, alkali capture efficiency improves from
81%, to 93% and 99% respectively. For an increase of GHSV also Tran et al.[7] found that
KCl conversion slightly increases as the contact time was increased from 0.004 to 0.011 s.
Lee et al.[6] found that capture capabilities increases with a decrease of the gas hourly
space velocity.
2.3 Superficial gas velocity
A variation of superficial gas velocity, obtained varying volumetric gas flow rate, does not
effect KCl conversion according to Tran et al.[7]. Also Luthra and Leblanc [13] observed no
significant effect specifically when the flow rate varies from 300 to 1200 cm3/min.  Lee et
al.[5] concluded that for superficial velocity of 25, 66 and 155 cm/s and a constant GHSV
of  67000  h-1,  there  is  not  a  particular  effect  on  NaCl  capture  both  when  is  tested
diatomaceous earth and activated bauxite. Nevertheless at lower superficial velocity of 8
cm/s and lower GHSV of 3500 h-1 lower NaCl capture is obtained. A possible explanation
given is that the reduction is due to mass transfer limitations from the bulk fluid to the
external getter surface. 
2.4 Concentration of the contaminant
For gaseous system whatever model is considered to describe adsorption (Henry isotherm
or Langmuir isotherm) the maximum amount of contaminant that can be adsorbed by the
adsorbent it is not influenced by its initial concentration. The concentration of contaminant
instead  effects  the  rate  of  adsorption.  Based  on  experimental  results,  Shadman  and
Punjak [17] made a model that showed that higher initial alkali vapor concentration leads
to  higher  initial  rate  of  adsorption.  This  means  that  for  higher  concentrations  of  the
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contaminant,  a  higher  amount  it  is  adsorbed  initially  over  the  time  (mg/s)  and  the
saturation of the sorbent is reached faster. They investigated adsorption on emathlite that
showed that an increase of contaminant NaCl concentration from 65 to 125 ppmv at 800
°C  and  atmospheric  pressure  leads  to  a  higher  initial  adsorption  rate.  This  can  be
explained by the fact that more mass available, more the contact surface offered to the
adsorption.  Punjak et al.[18] and Uberoi et al.[19] found that higher NaCl concentration
exhibit  a  nearly  linear  higher  rate  of  getter  flake  weight  in  short-duration  tests  when
emathlite is used as sorbent. Luthra and Leblanc [13],  who studied also the kinetic of
adsorption, presented data that showed that the amount of contaminant adsorbed once
equilibrium  is  reached,  is  approached  much  more  quickly  at  higher  gas-phase  alkali
concentration. The low kinetics observed at low partial pressure is explained as the result
of the mass transport limitation through the adsorbent pores. Finally they also verify that
loading of the sorbent does not depend on initial contaminant concentration. At any one
salt vapour concentration, even if they have different time of response, given sufficient
time, the adsorbent weight appeared ultimately to approach asymptotically to a constant
limiting value. Furthermore, these asymptotes exhibited the property of reversibility,  the
same value being approached for a given salt vapour concentration, either from above or
from below. Also Tran et al.[7] studied the effect of different potassium concentration using
the  thermodynamic  software  Outokumpu  HSC  Chemistry,  found  that  KCl  conversion
increases on kaolin at saturation when its initial concentration is increased from 0 to 1.2
ppm. Although higher potassium species concentrations lead to an increase of the amount
of KCl converted on kaolin at equilibrium, the equilibrium conversion of the K gases to
adsorbed products decreases.
2.5 Water vapour content 
An increase of water vapour content has a positive effect on adsorption. Bachovchin et al.
[15]  found that  gas stream water  vapour  content  has positive effect  on  adsorption  on
emathlite. When the sorbent is tested between 2.5% to 6.2% of water content, sodium
(Na) is more readily adsorbed at high water vapour concentrations but with diminishing
returns beyond some critical value between 4.6% and 6.2%.  Furthermore experimental
results show that until 3%-4% removal efficiency increases but for higher values it slightly
decreases.  Li  et  al.[16]  reported an increase in  sodium compound content  of  different
sorbents with the addition of water vapour when they reach saturation. 
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2.6 Temperature
Few study have been made on the effect of temperature on adsorption of alkali metals.
Lee  et  al.[6]  has  controversial  results  when  they tested  the  effect  of  temperature  on
adsorption in short time duration experiment. Capture capabilities, expressed in amount of
NaCl  adsorbed  on  the  sorbent  (mgNaCl)/(gsorbent) versus  the  duration  of  experiment,
increases with temperature for diatomaceous earth while it decreases with temperature for
activated bauxite.  Tran et al.[7] performing calculation with the thermodynamic software
Outokumpu  HSC  Chemistry,  showed  that  conversion  of  contaminant  at  equilibrium
decreases as the temperature increases from 600°C to 1000°C. As a consequence less
amount of contaminant is adsorbed resulting in a higher final concentration. Two possible
explanations are given to explain the negative effect of an increase of temperature:  it
could be an effect of the kinetic or a change in surface area of the reacted kaolin pellets as
the result of sintering. Also Uberoi et al. [21] showed that rate constant decreases when
the temperature increases using bauxite and kaolinite. It is known that exothermic reaction
is  disfavoured  at  high  temperatures  while  endothermic  reactions  is  favoured  with  an
increase of temperature.  
2.7 Porosity
Scanning electron microscopy (SEM) photograph points out that most of adsorption occur
on the surface layer decreasing rapidly toward the centre [11]. It is also reliable to assume
that adsorption first occurs on the surface layer of the sorbent, then alkali diffuses through
porosity and reaches the centre of the sorbent as adsorption progresses. Therefore, the
porous nature of the sorbent for capturing alkali metal compounds is a significant factor.
Furthermore  pore distribution  is  selective  on  the  dimension  of  molecules  to  adsorb.
Macropores  facilitate  the  capacity  to  adsorb  big  molecules.  Mesopores  facilitate  the
transport toward smaller pores. Micropores increase specific surface and than the capacity
to adsorb small molecules. 
Luthra and le Blanc, investigating on adsorption process, found that the limiting step of
sorption results to be mass transport inside the sorbent [13]. Tran et al. [14] confirmed that
the limiting step of sorption is pore diffusion for sorbent diameter bigger than 1.3-3 mm and
that kinetics is the limiting step for ds between 0.7 and 1 mm. Furthermore studying kaolin
pellets performance in the range of 0.7-1.0 mm of diameter, using KCl as contaminant with
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different space velocity, a constant removal efficiency of 98.4% is obtained, indicating that
external mass transfer was not the rate-limiting step [7]. 
The nature of  adsorption is  not  still  completely understood and it  can be of two type,
physical or chemical. Li et al. [16] investigating NaCl adsorption with six different natural
sorbents found that at 1173 K, using humidified nitrogen as gas carrier, mainly chemical
absorption occurs and the process showed both kinetics control and product layer diffusion
control. Dou et al. [11] used XRD method and SEM photography to analyse adsorption
characterization of sorbent. In this way adsorption's products are detected and hypothesis
on the kind of reactions occurring between adsorbent and contaminants are made. 
Few studies have been made also on multi-contaminant removal processes both at low
and high temperature. Meyer [22] developed a single/integrated wet scrubbing process to
remove H2S, NH3, HCl and heavy metals from coal-derived syngas. Operating temperature
range is between room temperature and 150 °C. Few study have been made on multi
contaminant removal at high temperature. Turk et al. [3] developed a modular system that
removes sulfur species, HCl and NH3. Sulfur spiecies are reduced to sub-ppm levels using
a  hybrid  process  consisting  of  a  polymer  membrane  and  a  regenerative  ZnO-coated
monolith or a mixed metal oxide sorbent,   HCl vapors are removed to sub-ppm levels
using  an  inexpensive,  high-surface  area  material  and  NH3 is  removed  with  an  acidic
adsorbent. Dou et al.  [12] investigated alkali  metal and HCl combined removal at high
temperature.  The most effective sorbent for the removal of HCl is found to be a sorbent
made by Mg(OH)2 and montmorillonite at 30-70%, which is a natural mineral composed
mainly by SiO2 and Al2O3. Apart from this study, the combined removal of HCl and alkali
metals has received very little attention in the purification of hot gas so far. In most cases,
the  interaction  of  various  compounds  during  combined  removal  is  complex  and  not
understood.  Sharma et  al.  [8]  designed  a  simultaneous  removal  of  alkali  and  halides
obtained  by  injecting  alumino-silicates  and  sodium  carbonate  into  the  flowing  gas.
Considering that most corrosive impurities should be removed first without allowing their
interaction with any of the process equipment, Table 1 report the type of contaminant and
the order for their removal. 
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Impurity Sequence of removal
Na, K 1
Halides 2
S 3
Hg, As, Sb, Se, Cd, Pb 4
Table 1: Syngas impurity and their chronological removal [8]
Illustration 1: Flow diagram of the theoretical gas cleaning unit [8]
They also developed a laboratory scale integrated dry gas cleaning unit,  as shown in
Illustration 1, where it  can be seen that alkalis and halides removal  occurs in the first
phase. 
Firstly  alkalis  and  halides  are  removed  from  the  raw  syngas  using  a  solid  sorbent.
Secondly sulphur is removed also through adsorption and after a filter remove particulate,
spent sorbent and ash. Lastly trace impurities are removed from the syngas. 
10
3. System description
The aim of the system is to provide a sustainable sanitation solution of human waste,
sanitize  waste  for  pathogen  destruction,  be  environmentally  friendly,  operated  and
maintained  at  low cost,  operate  off  the  grid,  without  connections  to  water  and  sewer
systems,  or  to  electrical  lines.  The  sanitary  system  consists  in  community  sanitation
centres, each serving 300 people per day, and the treatment plant.  The treatment system
has  the  capacity  of  treating  human  waste  generated  by  50000  people  per  day.  The
schematic  of  the  community  sanitation  centre  and  the  treatment  plant  is  shown  in
Illustration 2. 
Illustration 2: Schematic of the process to convert human waste to energy [23] 
Human waste is transported from the community sanitation centres to the treatment plant
where is de-watered and dried. Faecal matter reaches a moisture content of 30% and it is
fed with air to the plasma gasifier. The plasma gasifier has O2/fuel ratio of 0.3 because this
value is the optimal for the net electrical efficiency according Recalde et al. [24]. The by-
products from the plasma gasification process are around 13 wt% of the total mass inputs
[25]. The water that is produced by the SOFC and that derives from the de-watering and
drying system is used for the water treatment in the community sanitation centres.  The
CHP plant for faecal biomass gasification here considered includes a drying unit, a plasma
gasifier, a gas cleaning unit and a SOFC. In Illustration 3 is reported the schematic of the
power plant and in this chapter the main components of the system are described. The
SOFC provides the energy and heat demand of the system. The electricity is provided to
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the microwave generator of the plasma gasifier while heat is provided to the dryer and to
the gas unit cleaning. 
Illustration 3: Schematic of the process to convert human waste to energy [23]
3.1 Chemical composition of human excreta
The  determination  of  chemical  composition  of  human  excreta  is  necessary  to  make
realistic evaluation and to develop existing and new on site sanitation (OSS) systems. To
optimize the best treatment process of the feedstock, the operational conditions of the
gasification system and the gas cleaning unit,  the composition of the syngas must  be
known.  For  this  reasons an extensive  literature  review on the  composition  of  sewage
sludge and human faeces is made, the main results are following reported. Rose et al. [1]
made a review to characterize faeces and urine, to determine the extent and causes of
variation seen and its subsequent impact on technologies treating faeces and urine as
fresh waste stream. They affirm that generation rates and chemical composition of faeces
and urine in the human population are key factors to be understood by OSS technology
developers. “A number of medical studies have determined the faecal and urine output of
human  populations,  however  the  data  are  specific  to  distinct  populations  defined  by
geography, age, ethnicity, disease, and diet” [1]. “Variation in the chemical and physical
composition of faeces and urine was widespread throughout the study; this means that
technology developments must be robust and flexible in order to deal with uncertainty. The
largest factor leading to variability in faecal mass is the indigestible fibre content of dietary
intake; this explains the reason why faecal wet mass values were increased by a factor of
2 in low income countries. Non-degradable fibre impacts also on stool  frequency, total
solids (TS), fat, protein, and the energy value of faeces. In the urine fraction, protein intake
was one of the key factors leading to variation in urea concentration as well as impacting
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concentrations of P, K and Ca in urine. The metals (Ca, Mg, Zn, Cu, Ni, Cd, Pb, Hg) are
mainly excreted via the faeces and the remaining elements (N, P, K, S, B) are mainly
excreted  via  the  urine.  Both  biological  and  thermal  treatment  processes  are  most
influenced by variation in TS as well as the energy content of these solids. The source
separation of  faeces and urine could prove beneficial  for  biological  treatment  such as
anaerobic  digestion  where  large  urea  concentrations  in  the  urine  stream could  prove
problematic and cause ammonia toxicity. Similarly, the separation of the two streams could
increase  the  efficiency  of  the  de-watering  process  and  make  thermal  processes
increasingly attractive. In addition to this the largest proportion of nutrients (e.g., N, P, and
K) are found within the urine fraction making nutrient recovery from urine more attractive
from this more easily accessible  stream. It  is  therefore evident  that  source separation
could  be  beneficial  to  many  treatment  technologies”  [1].  Compared  to  other  biomass
feedstock human waste has a high content of moisture that goes from 65-92% and is has
a LHV around 18.2 MJ/kg [26]. In Table 2 the chemical composition of human faeces of a
sample of Sweden and Southern Thailand is reported. A difference in composition is due
also to the fact that in developed countries human faeces are transported in a sewage
system  and  collected  mass  then  includes  waste-water  fractions,  urine,  faeces  and
greywater.
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Sample  from  Southern
Thailand
Samples from Sweden
Quantity [g day-1 person-1] Quantity [g day-1 person-1]
Urine 0.6-1.2 1.01
Wet faeces 120-400 182-226
Solid faeces / 11-60
Chemical element
N 7.6-7.9 1.5
P 1.6-1.7 0.5
K 1.8-2.7 0.9
S 1-1.1 0.162
Ca 0.75-1.5 /
Mg 0.25-0.4 /
Quantity [mg day-1person-1] Quantity [mg day-1person-1]
Zn 9-16 10.7
Cu 1.4-1.5 1
Ni 0.3 0.188
Cd 0.02-0.03 0.01
Pb 0.07-0.14 0.038
Hg 0.01 0.009
B 0.8-1.1 /
Cr / 0.124
Table  2: In the second column the values are referred to the chemical composition of
faeces and urine obtained from the samples of 15 individuals of Southern Thailand [27];
the value of the third column are referred to samples of faeces from Sweden [28]
It can be observed from Table 2 that the amount of wet faeces from Thailand can be twice
the amount from Sweden, as explained before is due to a different nutrition reach of fiber.
Also the chemical compound content is different, in Thailand K content, which is one of the
main constituent of alkali  metals, is about twice to three times higher compared to the
samples from Sweden.
Also Rose et al.  [1],  Mountoris et al.  [29] and Woolley et al.  [30] studied the chemical
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composition  of  sewage  sludge.  From their  analysis  it  can  be  seen  that  the  chemical
composition vary for different factor according to geographical origin of the sample. It is
than suggested to analyse a sample from the location where the system has to be settle to
have a better estimation of the chemical composition of human wasted treated. For this
reason  thermodynamic  equilibrium  calculations  performed  to  calculate  the  syngas
composition are referred to the analysis of a sample of sewage sludge from Durban Metro
Area (Africa), where the CHP plant has to setted. The chemical composition of sewage
sludge is displayed in Appendix A.
3.2 Drying process
Firstly the faeces must be de-watered and after follows drying of faecal matter in order to
reduce the moisture content that is initially around 75% in weight [27]. Drying the feedstock
ensure a reliable and consistent feeding. Furthermore it optimizes gasification products.
For a gasification based power generation system, biomass moisture content should be
below 10-20% according to Morita et al. [77]. In the TU Delft designed system the is a
combined flow of faeces and urine with some flush water, which after initial de-watering,
need  to  be  dried  to  20-40% wet  basis  before  it  can be used  as  fuel  for  the  plasma
gasification. The dryer uses a medium wave infrared radiation for intensification of the
drying.  It  is  demonstrated  that  a  moisture  content  of  30%  achieve  the  best  system
performance [25].
3.3 Plasma gasifier
Plasma gasification is a thermal decomposition through gasification of dried wastes. This
type of gasification is an interesting choice for waste conversion due to its flexibility [32],
accepting different types of feed with wide range of composition and moistures [33], no tar
or very low tar containing synthesis gas [34], almost complete carbon conversion and non
leachable bottom slag. Because of the high temperatures involved, all the tars, char and
dioxins are broken down. The exit gas from the reactor is cleaner, and there is no ash at
the bottom of the reactor [60]. The main disadvantage of plasma gasification is the high
electric  power  consumption  in  the  plasma  torch  and  the  low  atmospheric  operating
pressure of the reactor. It is usually generated by an electric arc that is generated with a
high potential difference to two electrodes to ionize the flowing gas and to achieve high
temperatures. Currently there are few applications of plasma gasification as a waste to
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energy systems  in  Taiwan,  Japan,  Florida,  Canada,  India  and  China  that  use  mainly
municipal solid waste as feedstock. Talebi et al. [35] performed experiments at operating
temperature higher than 1200°C and they consider 1-2 h sufficient as residence time for
chemical equilibrium to be attained for solids while 2-4 s for gas phase [35]. In Illustration 4
is illustrated a schematic of the plasma gasifier with an electrodes to generate the plasma.
Illustration 4: Schematic of a plasma gasifiers [36] 
Microwaves are an innovative alternative to generate plasma. It is less energy intensive,
more  economic  viable  and  relatively  more  efficient  [37].  The  plasma  gasifier  here
considered  uses  microwaves  to  generate  plasma.  Plasma  gasifier  can  reach  a
temperature around 10000°C, however the temperature of the thermal plasma processes
is  around  1400°C  [38].   To  predict  syngas  composition,  thermodynamic  equilibrium
calculations are performed at 2000 K, that it is assumed to be a good assumption of the
temperature of thermal plasma processes.  Thermodynamic equilibrium calculations are
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performed using the chemical composition of sewage sludge reported in Appendix A. The
products of main interest for this report are reported in Appendix B.  At 2000 K the most of
potassium and sodium leave the reactor in the form of alkali metals as vapours, NaCl and
KCl are present in concentration of 439 ppm and 549 ppm respectively. The temperature
of  the  syngas  decreases  rapidly  out  the  plasma  gasifier  and  in  the  downstream
components  hardly  is  kept  higher  than  850°C.  Most  of  the  alkali  condense  and
agglomerates with the reduction of temperature, in this form they are removed together
with particulate.  For this reason and also for limits regarding the available experimental
set-up in the further theoretical and experimental investigation a concentration around 20
ppm of alkali metals is considered, corresponding to a temperature of 640°C. 
3.4 Fuel Cell
A fuel cell is a device that converts directly a gaseous fuel to electrical energy and heat by
electrochemical reaction between a fuel and an oxidant. The demand for clean, secure,
and sustainable energy sources has stimulated great  interest in fuel  cells,  it  produces
lower  emissions  of  NOx and CO2 compared to  the  cleanest  combustion  process  [39].
Moreover,  this technology also presents flexibility and modularity,  as it  does not  suffer
appreciably from problems of lubrication, wear, leakage and heat loss, which affect the
reliability of traditional heat engines. “Among all types of fuel cell, SOFC represents the
cleanest, most efficient, and versatile energy conversion system, offering the prospect of
efficient and cost effective utilization of hydrocarbons fuels, coal gas, biomass, and other
renewable fuels” [40].
3.4.1 Solid Oxide Fuel Cell
A  SOFC  is  chosen  because  compared  to  other  kind  of  fuel  cell  presents  several
advantages:
• thanks to its high operating temperature it is flexible to different inlet gas: H2 and
some carbon containing fuel;
• O2- ions diffusing through the solid electrolyte reach the anode to form H2O or CO2;
• the solid electrolyte prevents the direct contact of the electrodes blocking the flow of
electrons and, due to the oxygen vacancies in the material, allowing the oxygen
ions to diffuse through it
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A SOFC  is  capable  of  operating  in  temperature  range  of  650  to  1000°C.  A simple
atmospheric pressure SOFC systems designed for combined heat and power application
can  approach  50%  (net  AC  power/LHV)   electric  generation  efficiency  and  80%  fuel
effectiveness (net AC power + useful heat)/LHV [87]. The main reactions occurring are
presented below:
½ O2 + 2e-           O2-                                                                                                                                                                                    (3-1)
CO + O2-                     CO2 + 2e-                                                                                                                                                                    (3-2)
H2 + O2-           H2O + 2e-                                                                                                                                                                         (3-3)
A schematic diagram of a SOFC is illustrated in Illustration 5.
Illustration 5: Schematic representation of a SOFC
Ni/gadolinia-Doped  Ceria  (GDC)  is  chosen  as  solid  anode  material  due  its  better
performance  with  fuels  containing  hydrocarbons  and  to  its  higher  tolerance  to
contaminants like H2S and Hcl when compared to Ni/yttria-stabilized zirconia (YSZ) [42].
Fuel utilization of 75% fulfills both the power and heat requirements of the system [26].
The SOFC requires limit concentrations of contaminants and for this reason it requires a
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proper gas cleaning unit.  Syngas major components do not represent a threat for SOFC
operations. More specifically, H2, CO and CH4 are fuels for SOFC. Nitrogen and carbon
dioxide  are  expected  to  be  inert,  even  though  their  presence  could  cause  diffusion
limitations and the presence of carbon dioxide lowers the reversible potential. In literature
there are not studies on the effect of contaminants of sewage sludge derived-syngas on
SOFC. Nevertheless indicative informations can be taken from studies that considere coal
syngas even if  the concentration of  the impurities are lower than the ones present  in
faeces  derived-syngas.  The  main  contaminants  present  in  the  syngas  are  H2S,  alkali
metals, HCl, particulate and Tar. The impurities that are present in the solid state are not
considered to be a problematic since they can be removed via filtration to satisfactory
levels. Also Cl, As, Sb and P species cause severe degradation of SOFC anodes. Impurity
species  degrade  SOFC  performance  by  poisoning  the  catalytic  activity  of  Ni  and  by
preventing  the  mass  transport  due  to  clogging  of  pores  inside  the  anode  [43].
Thermochemical calculations show that As and P can both form compounds with Ni, also
hydrolyzed P can form phosphates with Ni and ZrO2, inhibiting both the charge transfer
step at the Ni catalyst surface and also the oxygen ion transport process through the YSZ
electrolyte.  Therefore,  P is  the most  deleterious contaminant  for  the cell  performance.
CH3Cl at 2.5 ppm level resulted in the cell degradation after 100 h [44]. Tars potentially can
be  internally  reformed,  directly  oxidized  or  even  have  no  effect  on  the  SOFC  [42].
However, in certain conditions, tar can undergo reactions having solid carbon as product.
The deposition of solid carbon can deactivate the catalyst and degrade the cell. In regard
to particulate matter, due to its size, ranging from sub-micron to few micron, plugging of
the pores of the anode is a possible event. However, most of the times the particulate is
made  of  carbon  that  can  be  oxidized  inside  the  fuel  cell  when  it  operates  at  high
temperature and for the presence of catalyst [45]. Nonetheless, to avoid carbon deposition
and negative effects due to  other  compounds in the particulate,  it  is  recommended to
reduce the amount of particulate matter in the syngas. Fe and Ca are the most common
mineral present in the syngas and they can abrade the anode and deactivate the catalyst
[45]. Halides, whose major representative is HCl, react with nickel forming vapours of the
metals affecting the performance of the cell in the long run [42]. Its impact it is mainly
depends on halides concentration and on anode material. HCl impurity in coal gas at 1
ppm  does  not  have  a  detectable  effect  on  SOFC  performance  up  to  6500  h.  A
concentration of 0.1 ppm of H2S in coal gas can be tolerated, along with 5000 ppm of
ammonia and 1 ppm of HCl, over at least 5000 h [46]. Cell failure due to contact break
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inside the anode chamber occurs when the cell is exposed to 10 ppm of arsenic vapor at
800 °C but there is not effect on the electrical performance of an SOFC sample at 0.5 ppm
at 750 °C [47]. The electrical performance of SOFC samples suffers less than 1% when
exposed to contaminants such as HCl, Hg, Zn, and SbO at levels of 8 ppm and above [47].
Ammonia is a possible fuel for SOFC even its presence may cause diffusion issues for
other fuels in a mixture like for H2  [45]. Ammonia is first split into hydrogen and nitrogen
and after oxidized. The effect of the other nitrogen compound has not been thoroughly
studied. Sulphur compounds instead have been carefully studied. It has been shown that
the poisoning effect is strongly dependent on the operating conditions and in particular the
temperature [48] and the load [49]. Matsuzaki et al.[48] reports a maximum amount of 0.05
ppm of  H2S acceptable  at  750  °C  to  prevent  SOFC degradation.  At  higher  operating
temperature the acceptable amount increases to 0.5 ppm at 900 °C and to 2 ppm at 1000
°C. Xia et al. [49] highlight a deactivation of the Ni/YSZ anode fed with H2 containing 10
ppm H2S at 800 °C. Both authors observe a recovery of the SOFC performance when the
H2S source is removed and when fuel is turned back to pure hydrogen [48,49]. H 2S can
damage Ni/YSZ anodes even at low concentration as 1 ppm. If their concentration remains
low  the  degradation  is  reversible  [50].  When  hydrogen  sulphide  reacts  with  Ni  it
deactivates electrochemical active sites. Ceria, that is an electro-catalytic material, shows
a higher tolerance to sulphur. Other type of contaminants present in the syngas are alkali
metals that, as suggested by Aravind and Dayton, can be deleterious for fuel reforming
catalyst  and for  the cell  electrodes [42][45].  Furthermore these compounds can cause
corrosion on metal surfaces. Aravind [42] investigated the influence of KCl on SOFC using
electrochemical  impedance spectroscopy with  a symmetric  Ni/GDC anode cells.  Using
humidified hydrogen as gas carrier with four different concentrations of KCl ranging from
14.5 ppmv to 36.3 ppmv and a cell temperature of 900 °C, he concluded that the addition
of 16.3 ppmv KCl results in a small increase in the ohmic resistance during short duration
measurement of 1.5 h. Similarly, at higher KCl concentration above 32 ppmv, the ohmic
resistance increases but  also an increase in the diameter  of  the low frequency arc is
observed during both short and long term of 72 h tests. The increase in the impedance is
partially reversible after feeding the symmetric cell with pure hydrogen for two hours. Post
mortem analysis  using  SEM is  performed but  no  deposition  of  the  salt  on  the  cell  is
observed. Ni/GDC anode performance is investigated also using biosyngas as fuel, H2S up
to 9 ppm has shown no impact on the anodic impedance [51]. Dayton indicates also a
possible interaction between alkali and fuel cell electrolytes [45] and some information can
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be derived from the fact that cells degrade faster when they are contaminated with several
hundreds ppm of Na2O during manufacturing [52]. Also Nurk [53] investigated the influence
on a SOFC of KCl vapors contained in a simulated biomass syngas. He observes a fast
change in the charge transfer and in ohmic resistance. The KCl condenses into the porous
anode that causes also a delamination of the anode from the electrolyte surface. For low
concentration of 6 ppm KCl total area specific resistance slightly increases from 1.99 Ωcm2
to 2.09 Ωcm2. For high salt concentration of 3500 ppm instead charge transfer resistance
increases rapidly from 1.2 Ωcm2 to 3.6 Ωcm2 within 24 h of operation accompanied by
delamination effects on the anode and pore blocking by ice like deposits  of  KCl  [53].
Mougin et al.[54] investigated the influence of 100 ppm of KCl on Ni/YSZ pellets at 800 °C
entrained by a mixture of 33% of CO, 29% of H2, 9% of CH4. Post mortem analysis of the
samples using SEM shows surface deposition of the salt on the anode material. Also H2S
is investigated and experiments show that even low concentration leads to degradation
that is partly irreversible, which is consistent with the formation of nickel sulfides. Table 3
reports concentration limits of contaminants that must be reached in regard of the optimal
operation of the SOFC.
Contaminant Limit [ppm] Effect
Particulate matter 1 Plugging
Tar 10-150 Coke formation, plugging
H2S 1 Degradation of electrodes
HCl 1 Corrosion, poison
Alkali metals 1 Deposition
Heavy metals 1 Deposition
Table 3: Syngas contaminants and their respective limit concentration
The limit  concenrations  are  the  results  of  an  experimental  investigation  conducted by
Aravind and de Jong and of a literature review that they made on the tolerance of the
SOFC to impurities [2].
3.5 Gas Cleaning Unit 
A proper  gas cleaning unit  is  required  to  protect  downstream processes and to  meet
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environmental  emission  regulations.  Although  they  have  a  sizeable  impact  on  plant
economics, as they can account for a substantial portion of the overall capital cost and
operational  costs  the gas clean-up steps are indispensable.  Raw syngas needs to  be
cleaned  to  remove  contaminants  including  tar,  particulate  matter,  sulphur,  chlorides,
mercury, ammonia,  alkali metals and heavy metals. 
Gas clean up methods can be classified into two distinct routes [55]: 
1. High temperature cleaning
2. Medium-low temperature cleaning
Low temperature gas cleaning are relatively mature technology, it has the highest removal
efficiency but it has the disadvantage to generate waste water streams, it requires solid
treatments and it is energy inefficient since it requires to reheat the syngas before making
use of it in a combustion turbine or synthesis reactor. Hot gas cleaning technologies are
still under development and than more expensive and less reliable but they are attractive
because they do not require intermediate cooling and heating processes which effect the
over all energy efficiency of the system. Consequently gas clean up at higher temperature
would provide a significant efficient improvement in gasification-based processes. This is
behind research on warm gas clean-up and the present study is than included in the dry
hot gas cleaning technologies.  From recent study dry syngas cleaning at high temperature
appears to be potentially more efficient and cleaner than the proven wet cleaning or semi-
wet cleaning process but it is not as well commercialised. There are several technological
barriers responsible such as poor availability factor, degeneration of sorbent and several
stages of separation [8]. The challenges of high temperature gas clean-up are:
 multiple  contaminants  at  different  concentrations  which  depends  mainly  on  the
feedstock and on gasification operational conditions;
 different product requirements for various syngas utilization processes;
 simultaneous removal of multiple contaminants including trace elements;
  process, materials and equipment handling issues.
3.5.1 Current gas cleaning unit and proposed gas cleaning unit
Limit values of contaminants considered in this study are already shown in Table 3. The
current gas cleaning unit configuration is shown in Illustration 6. It is based on previous
22
results  from small  scale  high  temperature  units  developed at  TU Delft  and  other  gas
cleaning systems reported in literature. It includes:
• low temperature processes (150°C): spray scrubber (1), venturi scrubber (2), fixed
bed reactor (3);
• intermediate temperature processes (400°C): 2 fixed bed reactors (4,5), ceramic
filter (6);
• CPOX (7) reactor to avoid carbon deposition (600°C);
• high temperature processes (700°C): 2 fixed bed reactors (8,9);
• water management system to clean and reuse the water for the scrubbers: filter
(10) and tank (11).
Illustration 6: Schematic of the gas cleaning unit [23]
The  figure  schematically  represents  the  different  reactors,  their  arrangement  and  the
operational temperature. Aravind and de Jong [2] proposed a gas cleaning process that
aims to remove firstly particulate, after tar, HCl, H2S, alkali metals and there is an optional
final tar removal and a final particulate filter. The lowest temperature reached in the gas
unit cleaning is 150°C in the first phase where the spray scrubber removes most of the
contaminants. Venturi scrubber is designed to remove particle larger than 2.5 μm with an
efficiency up to 95%. Contaminant removal occurs in the throat section as the inlet gas
stream mixes with the fog of tiny liquid droplets. Sulphur, heavy metals, certain tars, acidic
and basic  compounds are removed by activated carbon in a fixed bed reactor.  In  the
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intermediate temperature process H2S is reduced to less than 1 mg/Nm3 by pellets of ZnO
at 400°C. HCl is removed by adsorption with spheres of activated Al2O3 doped with NaOH
or sodium carbonate, expected efficiency of removal is 99%. A ceramic filter follows to
remove particles less than 2.5 μm with an efficiency up to 99% to levels lower than 1
mg/Nm3. The catalytic partial oxidation reactor is placed in the SOFC system and it is used
to add O2 to the system at around 600°C to prevent carbon deposition. The last removal
phase at high temperature is used for an eventual contaminant removal and in the last
step spheres of activated Al2O3 are used to adsorbe alkali at a maximum temperature of
700°C.  To increase the  CHP efficiency of  the  system,  the  unit  gas  cleaning  in  future
development aims to be setted entirely at high temperature, all the phases are shown in
Illustration 7 Currently in TU Delft Process and Energy laboratory sorbents are tested to
develop a comprehensive multi-pollutant sorbent.  
Illustration 7: Flow diagram of the proposed dry gas cleaning unit [2]
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The lowest temperature of dry gas cleaning unit is 873 K and the highest, which is also the
outlet temperature of the gasifier and inlet temperature of the SOFC, is 1123 K. Firstly a
ceramic filter removes particulate at 1173 K, after tar cracking is obtained with dolomite.
Following HCl and H2S are removed by adsorption with Na2CO3 and zinc titanate at 873 K.
After the temperature of the syngas is heated up again to 1123 K to remove alkali with
activated  Al2O3.  In  the  last  phase  a  ceramic  filter  removes  the  residual  and  eventual
impurities.
4.  Syngas  contaminants  and  available  cleaning
technologies 
The  main  contaminants  present  in  the  sewage  sludge  derived  syngas  are  acid
components, ammonia, particulate matter, trace elements, halides, tar and alkali metals.
They are further reported with their respective available removal technology.
Acid components
Acid  component  can  be  removed  with  different  processes  both  at  low  and  at  high
temperatures. Boldrin et al. [56] found that the presence of sulphur conveys a protective
effect toward carbon deposition at levels above 11 ppm. Nevertheless sulphur may have
an effect on the electrochemical reactions, which would require its removal in any case.
Sulfinol is a regenerative process for the removal of acidic components as H2S. It uses a
mixture  of  solvents,  which  enable  it  to  behave  both  as  chemical  and  as  a  physical
absorption process. Claus is a thermal and catalytic process that converts gaseous H 2S
into elemental  sulphur.  It  can achieve overall  conversion  levels  of  at  least  98%. High
temperature removal is obtained using sorbents. Between oxides of transition metals, ZnO
has one of the highest thermodynamic efficiencies within 149°C and 371°C. ZnO based
materials can effectively remove large amount of H2S ranging from 500 ppmv to as high as
30000 ppmv to effluent concentrations typically below 10 ppmv. High-temperature sulfur
removal is also possible in an integrated biomass conversion process with dry gases used
for  fluidization  during  indirect  gasification  [57].  It  is  demonstrated  that  the  use  of  the
relatively inexpensive fluidizable and regenerable Mn-based sorbent on attrition-resistant
alumina support at 700 °C makes it a good candidate for bulk industrial use.
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Ammonia (NH3)
Ammonia  can  be  removed  by  catalytic  tar  reforming,  wet  scrubbing  and  catalytic
processes. Catalyst processes accordingly to the kind of catalyst are effective at different
temperature, G-65 and SRI show a superior activity at high temperature in the range of
550/650 °C. CaO, MgO and dolomite are instead very active at 300 °C.
Particulate matter 
Large size particulates removal is obtained usually with cyclone and wet scrubbing. Filters
are usually employed for small size particulate. Particulate removal at high temperature
using filters have been commercially demonstrated.
Trace elements
Current  commercial  practice  is  to  pass  cooled  syngas  from LTGC through  sulphided-
activated carbon beds to remove over 90 % of the mercury and a significant amount of
other heavy metal contaminants. Activated carbon is also be proven to be highly effective
for dioxins and furans removal. Operating temperature is around 30 °C and due to the
presence of sulphur in the activated carbon, these beds are normally placed ahead of the
acid gas removal (AGR) system to minimize the possibility of sulphur slipping back into
and contaminating the cleaned syngas. Trace metals include As, Be, Cd, Cr, Hg, Ni, Pb,
Se  and  V.  At  elevated  temperature  of  the  warm  gas  cleanup  (WGCU)  conventional
activated carbon cannot be utilized and alternative sorbents are required. Palladium based
sorbents are among the most promising candidates [59]. Currently there are 30 integrated
gasification combined cycle where is already successfully implemented a molecular sieve
that  removes  very  low levels  of  elemental  mercury from natural  gas  or  syngas via  a
regenerating adsorption process. It uses a 2-bed thermal-swing MS adsorption system.
Eastman Chemical Company has developed and successfully applied activated carbon-
based sorbent reaching 90-95% of removal efficiency and capable in reaching 99% using
a dual beds solution in a series configuration.
Halides 
Halides are mainly present in the form of HCl and in a small amount HF and HBr. Chlorine
is present in the feedstock as alkali  metal  salt  which readily vaporize due to the high
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gasification temperature and reacts with water vapour generating hydrochloric acid. “The
halides  can  be  removed  by  wet  scrubbing  or  purification  by  hydrogenation  and  ZnO
absorption.  The  scrubber  uses  a  caustic-water  recirculating  process  at  7.5  pH  that
manages to obtain 5 ppm as final HCl concentration. HCl can also be removed using solid
sorbents which is the most direct and inexpensive method producing the highest quality
gas. Different mineral are tested as sorbent and between synthetic dawsonite, nahcolite
and trona, the last one is the best for HCl removal. Krishnan et al.  showed that alkali
minerals reduce HCl concentration from 300 ppm to 1 ppm in the temperature range of
550-650°C  and  nahcolite  has  the  best  performances.  Naturally  occurring  alkali-based
materials are less reactive than commercial products due to their lower surface area but
they are less expensive [59]. Also Dou et al. [60] tested sorbent prepared with alkali or
alkali earth compounds on Al2O3 by wet impregnation. The test shows that at 550 °C, with
a space velocity of 3000 h-1 and 1000 mg/m3 of HCl as inlet flow the breakthrough time is
of 4 h with a chlorine content of 3.6 %  when the concentration is reduced to 1 mg/m3 and
a  saturation  chlorine  content  of  32.15  %.  They  developed  also  a  high  efficient
multifunctional  four-zone  reactor  system  to  combine  removal  of  HCl  and  alkali  metal
vapour feasible with solid sorbents. Since adsorption of alkali metals vapours by silicate
and  alumina  sorbents  could  lead  to  HCl  emission,  a  multi  contaminant  removal  is
designed.  It is assembled of two phases, in the first step alkali metals are removed and in
the second one HCl is removed. Due to the sintering of the solid at high temperatures, the
best  performance of  the sorbent  for  the  removal  HCl  is  with  temperatures lower  than
600°C. Alkali metals vapours condensation greatly take place at this temperature. For this
reason a reactor with a differential temperature control along the tube axis is developed
and in this way the removal of HCl and alkali  metals vapours is conducted in different
temperature zones. Firstly the gas flow pass trough the alkali source, after through the
alkali sorbent sets at 840°C and lastly through the sorbent for HCl removal.  
Tars
Tars are hydrocarbons with  hight  molecular  weight.  When gasyfication is simulated by
thermodynamic equilibrium calculation tar does not appear between the products but there
is always some tar in the product gas [61].  Although tar can poison the fuel cell through
carbon deposition it may also become a fuel for SOFCs. There are different approaches to
remove tar:  physical,  chemical  and catalytic  processes.  Physical  method occur  at  low
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temperature, it involves wet scrubbing and filtration to get as much as possible the tars in
the  condensed  phase  and  to  maximize  tar  collection  for  droplets  larger  than  1-3  µm
accordingly. Below 450 °C tar begins to condense forming aerosols similar to particulate
matter which are removable by physical separation.  In physical separation condensed tar
is transferred to oil or water phase. Oil loop is used when tar concentration is high, tar
condenses  as  sticky  solid  rather  than  an  oily  liquid  and  there  is  a  high  degree  of
condensed tars that do not mix well with the water. Under these conditions oil scrubber
provides a medium where tars will be more soluble and less prone to foul the recirculation
lines.  When a water  loop is  implemented the syngas is  first  cooled to  saturation in  a
vertical down-flow quencher using water, followed by a vertical Venturi scrubber to collect
the condensed tar and particulate. Oil loop and water loop can be used in a two stages
system. Venturi scrubber can be used in general to remove water-soluble contaminants
from the syngas by absorption into a solvent with an efficiency of 90-99%. It can be used
for tar, particulates, alkali species, halides, soluble gases and condensable liquids and it is
effective for particulate larger than 1µm. Nevertheless it  has some negative aspect,  in
addition to the loss in system efficiency due to gas cooling, wet scrubbing produces a
waste water stream that has to be chemically or biologically treated before being re-used
or  discharged  in  the  environment.  Another  physical  application  is  the  electrostatic
precipitator (ESP) and inertial  separators that are also used for particulate removal.  In
physical processes in general, being tars formed by carbon and hydrogen, their removal
causes the waste of part of the syngas energy content.
Chemical  and  catalytic  processes  instead  try  to  reach  equilibrium  of  gasification  by
increasing the reaction rates of tar decomposition, thus reducing syngas tar content. There
are  three  different  chemical  processes:  thermal  cracking,  hydrogenation,  plasma
conversion. Cracking is a process that breaks down the larger, heavier, and more complex
hydrocarbon moles into simpler and lighter molecules by the action of heat and aided by
the presence of a catalyst but without the addition of hydrogen. In this way heavy oils can
be  converted  into  lighter  and  more  valuable  products  [62].  Thermal  cracking  requires
temperatures between 1100°C and 1300°C [12]. The use of a catalyst generally reduces
tar cracking temperature to around 900 °C [42]. Silica-alumina and zeolites are the most
common  acid  catalysit  used  for  this  process.  However  catalytic  cracking  presents
challenges due to catalyst poisoning, fragmentation and coking [64]. Hydrocarbons can
crack  above  200°C  using  catalyst  with  strong  acid  sites.  Gil  et  al.  [62] showed  that
cracking of tars with both spent fuel catalytic cracking (FCC) catalyst and dolomite in a
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downstream bed is highly effective but it has higher cost than in situ method. For what
concern hydrogenation of rings of tar, it leads to the production of lighter hydrocarbons and
is more effective at low temperature. In the petrochemical and coal chemical industry it
takes place at pressures in the range of 20-200bar and temperature from 350 to 550°C
[65]. Tar can also be removed from the syngas through a secondary plasma gasifier that
mainly produces CO, CO2 and H2.  Nevertheless effective plasma gasifier is still  costly,
energy demanding, complex and with not a suitable lifetime [66].
The  employement  of  catalytic  steam reforming has three  advantages:  catalyst  reactor
temperatures  can  be  thermally  integrated  with  the  gasifier  exit  temperature,  the
composition of the product gas can be catalytically adjusted and steam can be added to
the catalytic reactor to ensure complete reforming of tars. Disposable catalyst  such as
dolomite and olivine, and Ni catalyst are preferred due to their low cost, durability and long
life. Furthermore a proprietary Ni monolith catalyst has shown considerable promise for
destruction of biomass gasification tar. Partial oxidation reaction is not considered one of
the  best  solution  for  three  reasons:  it  has  a  low  product  heating  value  due  to  the
combustion of CO and H2, it is difficult to selectively react methane by this process and the
composition of the product is also shifted to lower H2/CO ratio.” [59]
4.1 Alkali metals and alkali Compounds
Biomass and coal contain alkali and alkaline earth metals. During gasification alkali react
with  other  ash  components  producing  non-volatile  compounds  constituting  the  gasifier
bottom ashes. At hight temperature thermodynamic equilibrium calculations show that they
leave the reactor as aerosols and vapours.  Alkali metals are very reactive compared to
alkaline  earth  metals,  for  this  reason  they  are  more  problematic  within  the  gasifier.
Slagging occurs with the fusion of impurity of mineral material, in particular Si, Al, Fe, Ca
and Mg [67] and alkali  compounds can promote sintering and slagging of ashes, also
inside the fuel cell.  After the gasification they are transported in the form of chlorides,
hydroxides,  and  sulphates.  When  the  temperature  of  the  syngas  decreases  out  the
gasifier, they might condense resulting in fouling and corrosion in downstream surfaces
[4,24]. Mainly Na, K and alkali earth metal as Ca can react with S or Cl in gas phase,
forming compact depositions [67]. Alkali index, which is the ratio of a fuel's alkali content
[kg kg-1] to heating value [GJ kg-1], is used as a measure of the ash-fouling potential of a
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given feedstock when it is used as boiler fuel [68]. Negative consequences of the presence
of  alkali  minerals  within  the syngas is  that  they contribute to  the formation of eutectic
mixtures with other compounds, resulting low melting point compounds which increase
stickiness and fouling propensity of particle already formed in the combustion environment
[9]. Alkali metal itself when deposited on metal surfaces, forms a sticky film that causes
impacting particulate matter to adhere to the surface forming ash deposits that interfere
with  heat  transfer  through  boiler  tubes  or  with  aerodynamics  of  turbine  blades.  Alkali
metals are also thought to be erosive to turbomachinery and corrosive to metal surfaces
[69]. In addition, Aravind and Dayton indicate that a high concentration of alkali metals can
poison reforming catalysts  and the fuel  cell  electrodes [2,45].  Dayton also indicated a
possible  interaction  between  alkali  and  fuel  cell  electrolytes  [45].  It  is  difficult  to  find
publication describing alkali  metals distribution when faecal matter or sewage sludge is
gasified using plasma technology. More studies have been made on municipal solid waste
(MSW) gasification using this technology, and they can be used to have a rough idea of
the characteristics of this process. Obviously, chemical composition of MSW differs from
that of faecal matter or sewage sludge. In a paper by Lemmens et al. [70], the content of
heavy metals in the gaseous stream from the plasma gasification of refuse derived fuel
(RDF) is reported.  The concentration of heavy metals in RDF is higher than that in faecal
matter and they show that the majority of these metals are trapped in the slag, whose
structure prevents leakages. Due to high temperature reached in a plasma furnaces, part
of the heavy metals is volatilized and can be found in the gaseous stream in the gas phase
or  bounded  to  dust  particles.  The  results  of  thermodynamic  equilibrium  calculations
performed by Wibbery and Wall  [71] show that when chlorine is present in the feedstock
KCl and NaCl are the major alkali vapour species present within the syngas. Also in this
study thermodynamic equilibrium calculations performed with FactSage show the same
results. Most of the heavy and alkali metals (with the exception of mercury, zinc and lead,
which  can vaporize  at  high  temperatures  and be retained in  fly  ash and syngas)  are
retained  in  the  vitrified  slag.  The  vitrified  slag  obtained  after  cooling  can  be  used  as
construction materials [72].
4.2 Available cleaning technologies for alkali removal
Compared to sulphur, chlorides, ammonia and particulate, alkali removal technologies are
not as well developed. At low temperature the same aforementioned technologies for the
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removal  of  particulates  are  applied.  At  high  temperature  instead  alkali  metals  can  be
removed with two different approaches. The low and high temperature removal processes
are following reported:
• decreasing the temperature of  the syngas,  alkali  metals can be removed easily
because they condense out  of  the gas stream. To reduce the  amount  of  alkali
vapours  bypassing  particulate  removal  equipment,  a  temperature  of  600°C  is
necessary [73,  69].  The lower  the  temperature,  the  higher  the  amount  of  alkali
condensing.  Most  alkali  condense out  of  the  gas stream on the  particulates  at
temperature close to 300°C [74]. After they condense on particulate surface, alkali
metals are removed with the technology implemented for particulate's removal;
•  adsorption in a fixed bed system using solid sorbents at high temperature
• In situ adsorption in the furnace by injection of additives 
4.2.1 Application of high temperature alkali removal
Beside  the  system  designed  within  “Reinvent  the  toilet  challenge”,  there  are  other
technologies where this study can find application. High temperature removal technologies
can  be  applied  to  Integrated  Gasification  Combined  Cycle  (IGCC)  system  which,  as
suggested by Lee and Johnson, are a highly efficient way to use coal or carbon based fuel
for electric power generation [5].  Furthermore this study can find application whenever
gasification is coupled with a fuel cell, a gas turbine or an internal combustion engine.
Each down-stream technology in fact requires concentration limits of the contaminants.
The syngas can be derived by different type of feedstock: biomass, sewage sludge, RDF
and coal.  For  this  reason chemical's  composition  of  four  different  feedstocks,  sewage
sludge, coal,  RDF and wood is considered to find an indicative concentration of  alkali
metals in the syngas. The operational condition of the simulations are discussed in chapter
7. In Appendix B is reported the concentration of the compounds of main interest for this
study present in the syngas: KCl, NaCl and other compounds containing K and Na. Coal
derived syngas is the only one, between the feedstocks investigated, that does not require
alkali metals removal since is produced with a concentration lower than 1 ppm.
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5.  Self-sustainability  analysis  and  system
thermodynamic evaluations
A thermodynamic analysis is presented in terms of an energetic and exergetic view. Firstly
is  investigated  the  effect  of  the  drying  on  the  efficiency  of  the  system.  Secondly  is
investigated the effect of gas cleaning at different temperatures. In the last part of the
chapter is discussed the effect of combustion of stack depleted fuel and of an additional
micro steam turbine (MST), placed downstream the SOFC.
5.1 Effect of drying
Liu et al. [25] evaluated the performance of the system both for the case without drying
and when drying is included in the energy balance. The results presented are obtained by
the energy calculation program Cycle-Tempo. In the case without drying 0.8 gs-1 of pre-
dried faecal matter with a moisture content of 30% and 0.84 gs-1 of air are fed to the
gasification furnace. The system here considered, illustrated in Illustration 8, is made by a
plasma gasifier, gas cleaning unit, SOFC, catalytic partial oxidation (CPOX) reactor and
post-stack combustor. In the CPOX a small amount of syngas is combusted to preheat the
fuel and assure a right C/O-ration to avoid carbon deposition in the SOFC stack. In the
post-stack combustor depleted fuel and air from the SOFC are combusted.
Illustration 8: Flow scheme of the micro CHP system [25]
The gas cleaning is made up by a cyclone that removes large particulates and after a
phase with a scrubber at ambient temperature. The temperature of the syngas is lowered
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by a spray scrubber to 20 °C and a venturi  scrubber  removes major  content  of  trace
species. Following the syngas is heated up to 400°C and a sorbent unit removes residual
H2S. Lastly a final stage-filter removes any particles that escape the previous treatments.
At this point the syngas is heated up to the SOFC inlet temperature around 800 °C. The
gross electrical and net electrical efficiency, the heat and CHP efficiency of the system and
are calculated with the following equations:
ηGross Eele=
Eele
M humanwaste×LHV human waste
                                                                                 (5-1)
ηNet E ele=
Eele−Eaux
M human waste×LHV humanwaste
                                                                                   (5-2)
ηheat=
Eheat
M humanwaste×LHV humanwaste
                                                                                     (5-3)
ηCHP=
Eheat+Eele
M humanwaste×LHV humanwaste
                                                                                     (5-4)
Where Eele is the electricity produced by the SOFC, Eaux is the electricity consumed by the
auxiliary components that include blowers and pumps, Eheat is the heat produced by the
SOFC, Mhuman waste  is the mass flow of faecal matter and LHVhuman waste  is the lower heating
value [kJ kg-1] of the biomass fuel. The same efficiencies are calculated also in terms of
exergy,  the value of exergy of electricity is the same while the value of exergy of the
biomass input and the exergy of heat are different.  The electricity to microwave power has
an efficiency of 92%. The oxidant ratio for the plasma gasification process is slightly lower
than conventional gasification processes. The electricity generated by the SOFC is 3.5 kW
and the power supplied to the microwave is 2.27 kW. The net electrical efficiency is than
11.7% and in Illustration 9 are reported the energy and exergy performance of the system
without  and  with  drying.  When drying  is  not  included  in  the  energy balance  the  heat
recovered is 4 kW and the total CHP efficiency is 56.7%. When drying is included, the
electricity consumed by auxiliary decreases from 0.18 kW to 0.16 kW. The auxiliary power
consumed slightly decreases because the fuel utilization decreases from 80% to 66% and
also the air  flow rate decreases.  However  also the electricity generated by the SOFC
decreases from 3.5 kW to 3 kW and the electrical efficiency becomes 6.3%. Furthermore
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in this case heat is not recovered because the heat produced by the SOFC is used entirely
for drying and CHP efficiency decreases from 56.7% to 6.3%. 
Illustration 9: Energy and exergy performance calculated without drying on the left and
with drying on the right [25]
In both cases the entire system is self sustained in electricity and heat. The drying process
is the component that effects mostly the CHP efficiency of the system because heat is not
recovered when drying is considered in the energy balance and it decreases of 50%.  The
net  electrical  efficiency  instead  decreases  of  5%.  The  initial  moisture  content  of  the
feedstock therefore significantly influences the performance of the system. The energy
flow diagram of the power plant is presented in Illustration 10 for the case when drying is
included in the energy balance. The input energy value of the faecal biomass of 10.2 kW is
given as high heating value (HHV). The biggest energy loss of the system comes from the
plasma gasification and it is around 2.74 kW.
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Illustration 10: Energy flow for the power plant with drying (based on HHV) [25]
The energy of the stack off-gases is used for drying (3.98 kW), to preheat air and fuel
(2.02 kW) and 0.73 kW are used for syngas heating duty. The relative exergy loss of each
component of the power plant is reported in Illustration 11. The highest exergy loss of 25%
is due to the plasma gasifier while drying takes 14%. Heat exchangers, that are used for
preheating fresh syngas to approximately 700°C and air to 600-650°C, takes 13% and gas
cleaning system take 10% of the total exergy. The after burner and the SOFC has a exergy
loss of 5% and 3% respectively. The CPOX reactor takes 3% of the exergy loss while the
gas exhausted is emitted to a flue gas stack that takes 6% of the exergy loss.
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Illustration 11: Relative exergy loss of subsections for the power plant with drying [25]
Both in terms of energy and exergy plasma gasification is the component that produces
most of the losses. High exergy loss of gasification are due to the heating of cold fuel and
air,  combustion,  gasification  and  carbon  losses.  If  another  kind  of  gasification  is
considered, as a fixed bed downdraft gasifier, according Recalde et al. [26] the exergy loss
of  this  gasifier  would  be  around  23.6% that  is  relatively  close  to  25% of  the  plasma
gasification.  Plasma gasification is chosen as part of this power plant system because it
offers complete gasification even at a small scale due to elevated operating temperature
[25]. Furthermore due to the high moisture content and variability of the feedstock plasma
gasification is considered more appropriate compared other gasification processes that are
less flexible. Another advantage in using a plasma gasifier is that it requires a smaller
amount of  oxygen compared to other gasification processes and it  results on a higher
syngas heating value and thus higher performance of the SOFC are expected. The main
disadvantage  is  that  requires  a  consistent  amount  of  power  to  generate  the  plasma.
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Furthermore higher heat loss is expected due to higher temperatures.  
5.2 Effect of different gas cleaning temperatures
Firstly in this paragraph the purpose is to study the effect of two type of gas cleaning on
the  system  thermodynamic  evaluation.  The  first  type  is  a  Combined  High  and  Low
Temperature Gas Cleaning System (CTGCS) while the second one is a High Temperature
Gas Cleaning System (HTGCS). The results presented are taken from the study of Liu M.
[75]  who  made  a  thermodynamic  equilibrium  evaluation  of  a  system  composed  of  a
gasifier,  a  gas  unit  cleaning  and  a  SOFC.  The  system  has  also  an  after  burner
downstream the SOFC that uses part of the depleted fuel to preheat the air. The mass flow
of wood as biomass fuel is 0.00114 kg s-1 and the gasifier  is working at 800 °C, at a
pressure close to ambient pressure. It is assumed that also the gas outlet temperature is
800°C. In this thesis the gasification process occurs around 2000 K instead of 800 °C and
sewage sludge is treated instead of wood but the results of Liu M. [75] can be taken into
account since here the attention is only on the effect of two different type of gas cleaning.
The  working  temperature  of  the  fuel  cell  is  970°C  while  the  fuel  cell  exhaust  gas
temperature is  910°C.  The flow diagram of  the gasifier-CTGCS-CHP system and the
gasifier-HTGCS-CHP are reported in Illustration 12 and 13 respectively. 
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Illustration 12: Flow diagram of the gasifier-CTGCS-CHP system [25]
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Illustration 13: Flow diagram of the gasifier-HTGCS-CHP system [25]
The  lowest  temperature  reached  in  the  CTGCS  is  20°C  and  the  corresponding  flow
diagram is  reported  in  Illustration  14 The first  phase of  the CTGCS is  a  cyclone that
removes the particulate of larger size, after the syngas goes to a ceramic filter by which
particulate-free bio-syngas can be obtained. In the second phase a steam reformer, where
temperature  is  kept  around  800°C,  a  dolomite/nickel  catalyst-based  tar  reformer
decomposes tar almost completely into gases like CO and H2. Following in the scrubber
temperature is lowered to 20°C adding water with a spray and most of the impurities as
particulates, alkalis and HCl are removed. Lastly activated carbon adsorbes H2S and trace
components that have escaped the scrubber.  In this last phase syngas is still  at room
temperature and before it  could be fed in  the SOFC heat  must  be provided to  reach
approximately 800°C. 
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Illustration 14: Flow diagram of the CTGCS [75]
The lowest  temperature  reached  in  the  HTGCS is  400°C and  the  corresponding  flow
diagram is reported in Illustration 15 Also in the HTGCS the syngas is firstly fed in a
cyclone and after in the tar reformer at 800°C. Following the syngas is cooled down to
approximately 400-450°C with cold water to produce hot water. In this way alkali condense
on particulates and they are removed in the primary-stage filter. After the syngas pass
through two fixed bed, the first with sodium carbonate and the second with zinc oxide
sorbents to remove halide and sulphur compounds respectively. In the last phase of the
HTGCS the biosyngas passes through the second-stage filter that is still around 400°C,
hence  the  syngas  requires  to  be  heated  up  before  entering  the  SOFC  that  works
approximately at 800°C. 
Illustration 15: Flow diagram of the HTGCS [75]
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When HTGCS is employed there is the possibility of carbon formation when the biosyngas
is cooled down from 800°C to 450°C.  When the gas is cooled fast, as in the scrubber of
the CTGCS, carbon deposition is not expected to occur; even if solid carbon is formed
most of  it  is  likely to be removed in the scrubber.  Carbon formation in the HTGCS is
avoided with the addition of steam between the tar reformer and the primary-stage filter.
The steam is obtained using the heat from the flue gas that exits the post-combustor,
placed downstream the SOFC. An additional heat exchanger is used for this purpose and
it is placed after the air pre-heater. A comparison between the two type of gas cleaning
systems is realized with an energy and exergy thermodynamic analysis. The performance
in terms of energy are reported in Table 4, fuel input is 18.43 kW.
Type of gas cleaning
CTGCS HTGCS
Fuel input [kW] 18.43 18.43
AC power output SOFC [kW] 4.61 4.59
Heat output [kW] 6.24 7.69
Auxiliary consumption [kW] 0.35 0.28
Gross electrical efficiency [%] 25.0 24.9
Net AC electrical efficiency [%] 23.1 23.3
Heat efficiency [%] 33.9 41.7
CHP efficiency [%] 57.0 65.0
Table 4: Energy performance of the gasifier-SOFC-after burner system [75]
The electrical efficiency is slightly lower with the HTGCS because the extra steam addition
to avoid carbon formation reduces the electricity generated, 4.59 kW instead of 4.61kW
with  the  LTGCS.  Nevertheless  the  net  electrical  efficiency is  higher  with  the  HTGCS,
23.3% instead of 23.1% with the LTGCS because the auxiliary consumption is 0.28 kW
and 0.35 kW respectively.  The thermal efficiency increases from 33.9% to 41.7% because
the HTGCS leads to less heat loss. CHP efficiency is also 8% higher when the removal
process occurs at high temperature, 57% for the LTGCS and 65% for the HTGCS. LTGCS
is suggested to be implemented when to the electricity production is given importance
while the second type is suggested when there is a high heat demand. In general LTGCS
is preferred because is a mature technology compared to the HTGCS and also for cost
41
effectiveness point of view.  The performances in term of exergy of the two systems are
reported in Table 5, fuel input is 20.76 kW.
Type of gas cleaning
CTGCS HTGCS
Fuel input [kW] 20.76 20.76
AC power output SOFC [kW] 4.61 4.59
Heat output [kW] 0.69 1.53
Auxiliary consumption [kW] 0.35 0.28
Gross electrical efficiency [%] 22.2 22.1
Net AC electrical efficiency [%] 20.5 20.7
Heat efficiency [%] 3.3 7.4
CHP efficiency [%] 23.9 28.1
Table 5: Exergy performance of the plasma gasifier-SOFC-after burner [75]
Also in terms of exergy the HTGCS has higher heat output because it allows to recover
more heat, 0.69 kW and 1.53 kW respectively for the CTGCS and HTGCS. As for the
energy performance, the net electrical efficiency is not much effected by the choice on the
temperature  of  gas  cleaning  unit,  it  is  20.5%  and  20.7%  for  LTGCS  and  HTGCS
respectively. The heat and CHP efficiency instead increase around 4%, from 3.3% to 7.4%
and from 23.9% to 28.1% respectively because with HTGC more heat is recovered. The
exergy flow diagrams of the systems are reported in Illustration 16 and 17. They show also
the cause of the exergy losses and their relative value compared the initial exergy input.
The  highest  exergy  loss  for  both  of  the  systems  is  23.6%  and  it  is  caused  by  the
gasification process. The second highest loss in the system with the CTGCS is caused by
the gas unit cleaning and it is around 8.3%. The third highest exergy loss is due to the fuel
cell stack and it is around 4.5%. Auxiliaries take 1.7% of the initial exergy input. 
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Illustration 16: Exergy flow diagram of the CTGCS [75]
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Illustration 17: Exergy flow diagram of the HTGCS [75]
In the system with the HTGCS the second highest loss after the gasifier is due to the fuel
cell stack and it is around 3.9%. The loss caused by the gas unit cleaning reaches only
0.06% of the biomass exergy input. The auxiliary takes 2.1% of the initial exergy input. It
can be seen from the results that the larger temperature drop in the CTGCS leads to
almost 8% higher exergy loss than in the HTGCS, 8.3% instead of 0.06%. 
Also Aravind [76] investigated the effect of gas cleaning at different temperatures on a
small scale power plant of the order of 100 kW composed by a fixed bed gasifier, gas
cleaning unit, SOFC and a gas turbine when clean wood is used as feedstock. Three type
of gas cleaning configurations are here considered:
• gas cleaning at gasifier outlet temperature (1073 K)
Lowest cleaning temperature is around 1073 K that is near the exit temperature of
the gasifier. In this case there is no need of steam addition since carbon deposition
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is expected to occur when temperature is lower than 1073 K. Firstly particulate is
removed with  a  high-temperature  filter,  tars  are  removed  using  a  dolomite  and
nickel  based  tar  reformer  and  alkali  are  removed  using  an  alkali  getter.  It  is
assumed that few tens of ppms H2S and HCl do not cause significant problem for
the SOFC.
• lowest gas cleaning temperature at 873 K
In the first stage a ceramic filter removes particulate at 1073 K and follows a nickel
based tar-cleaning reactor. After the syngas is cooled down from 1073 K to 873 K to
adsorbe HCl and H2S.  Following the syngas is heated to 1173 K which is the fuel
cell  inlet  temperature.  Steam  addition  of  30%  is  employed  to  avoid  carbon
deposition that can occur during the cooling down of the syngas.
• low-temperature gas cleaning at atmospheric temperature 
The wet scrubber brings down gas temperature to around 20°C and it removes HCl,
H2S and alkalis, particulate and also solid carbon. Nevertheless steam addition is
needed  to  suppress  carbon  deposition  tendency  occurring  at  873  K  when  the
syngas  is  heated  from ambient  temperature  to  1123  K,  that  is  the  SOFC inlet
temperature. In the present case the steam added before the heating up is 32% by
mass  of  the  syngas  and  all  heat  available  of  the  system  is  used  for  steam
generation. 
When the gas cleaning process occurs all  at  high temperature around 1023K the net
electrical efficiency is estimated to be 55% while the total efficiency 78-79%. When the gas
cleaning occurs at high temperature with 873 K as lowest temperature, the net electrical
efficiency reaches 56% while the total efficiency decreases to 67%. Steam is added to
avoid carbon deposition and its presence increases stack loss while within a certain range
of steam addition the performance of the gas turbine cycle increases. The net electrical
efficiency increases from 55% to 56% and therefore the predominant effect on efficiency is
the positive one of the steam. When low-temperature gas cleaning is employed at ambient
temperatures the net electrical efficiency is 50.6% while the total efficiency decreases to
51%. A total efficiency of 58.2% can be reached by minimizing the steam added to 19.4%
and also electrical efficiency increases to 50.8%. The energy and exergy losses of the
system are  reported  in  Illustration  18 and 19 for  the  second case and drying  is  also
considered in the thermodynamic analysis. The highest energy loss in the system derives
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from the gasifier, it is around 10% of the input energy value that is given in terms of LHV.
The loss of the gasifier is due to unutilized carbon during gasification. Also in terms of
exergy gasification takes the highest exergy loss, 25% of the exergy input because hot
gaseous fuel is generated from cold solid fuel.   
Illustration 18: Energy losses in the system [76]
The energy loss caused by the fixed bed gasifier is 12% lower than the one caused by the
plasma gasifier  that is around 22%, as previously shown in Illustration 10, because is
affected by the power consumption required to generate the plasma. In the current study
the choice of plasma gasification is justified by the fact that there are hygienic restriction
that has to be achieved and for its flexibility with the feedstock. Exergy loss of the gasifier
instead is comparable to the exergy loss of the plasma gasifier which is around 25%. The
gas turbine and the compressors take the second highest loss, around 10%. Stack losses
and heat recovery loss are around 5% and 3% respectively. SOFC system take 2% of the
energy loss while the gas cleaning loss takes less than 1%.
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Illustration 19: Exergy losses in the system [76]
Low-temperature  gas  cleaning  process  at  atmospheric  temperature  are  preferred
compared  high-temperature  gas  cleaning  processes  because  more  reliable  and
inexpensive.  Nevertheless  when  HTGC  is  implemented,  and  the  lowest  temperature
reached is 873 K, the electrical efficiency increases around 5% and total efficiency around
8-9%. When HTGCS is  implemented entirely  at  1023 K an additional  increase of  the
electrical  and  total  efficiency  is  reached,  around  4-5%  and  20-21%  respectively.
Furthermore  HTGCS  at  1023K  reduces  the  need  for  heat  exchange  and at  high
temperature  there  is  a  smaller  tendency of  carbon  deposition.  The  addition  of  steam
avoids carbon deposition but the generation of steam reduces the total efficiency because
less  heat  can  be  recovered  while  the  electrical  efficiency  of  the  system  is  kept
approximately at the same value. 
5.3 Effect of the of the combustion of stack depleted fuel and a
micro steam turbine (MST)
Recalde et al. [26] investigated on a small scale power plant made up by a dryer, a plasma
gasifier, gas cleaning unit, SOFC and a micro steam turbine (MTS), with faeces biomass
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as fuel. The flow sheet of the power plant is showed in Illustration 20. In this configuration
the dryer unit is based on the concept of recycled sensible heat and recover latent heat by
compressing  of  exhausted  steam.  They  showed  that  additional  heat  supplied  to  the
gasifier  from the combustion stack depleted fuel  decreases the power provided to the
microwave  power  of  the  plasma  gasifier  from  2.7  kW  to  0.9  kW.  The  net  electrical
efficiency increases from 16% to 40% and exergy efficiency is 40%. With the additional
presence of a MST an increase of the net electrical efficiency of the order of 20% can be
achieved. 
Illustration 20: Flow sheet of the CHP with Gasifier-SOFC-MST [26]
Recalde et  al.  studied  also  the  effect  of  steam/fuel  ratio  and O2/fuel  ratio  on  the  net
electrical efficiency. With an increase of steam/fuel ratio in the SOFC, at an O2/fuel ratio of
0.3  and  variable  microwave  power,  the  electrical  efficiency  decreases  because  the
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additional amount of H2 produced to be electrochemically converted in the SOFC may not
justify  the  higher  energy  demand  of  heating  the  extra  steam  by  the  plasma  torch.
Furthermore 0.3 resulted to be the optimal O2/fuel ratio for plasma gasification. With this
condition net electrical efficiency reaches 50%. Diagram of the exergy flows reported in
Illustration 21 shows that the SOFC stack and the steam-cycle take the highest exergy
losses,  20% and 11.9% respectively. Stack losses are due to the combustion of a small
amount of fuel needed to preheat the fuel and assure a right C/O-ratio to avoid carbon
deposition in the SOFC stack. The loss of the steam-cycle is due to the post combustor of
the depleted fuel and air of the SOFC. The third highest loss is due to the heat transfer for
steam generation. It can be observed that the exergy loss of plasma gasifier takes only
6.8% of the exergy input. 
Illustration 21: Exergy-flow diagram in the plasma gasifier-SOFC-MST system [26]
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6. Solid sorbents 
An ideal solid sorbent has a very high sorption capacity with attrition, high temperature
compatibility, rapid rate of adsorption, sintering resistance and they transform alkali into a
less corrosive form. Sorption capacity is related on surface activity or area of a material
and it can be increased only by increasing the porosity per unit mass but at the same time
material with high void space has a loss of particle strength. Therefore some compromises
either in mechanical strength or porosity have to be made to have an optimum balance of
the properties. The surface activity of the sorbent is limited by the minimum mechanical
strength required for the required attrition resistance. The correlations between surface
area of the sorbent, porosity and its particular strength are reported below:
Surface area∝Porosity
Sorbent particular strenght∝ 1
Porosity
The sorbent can be used in two ways:
• in situ, by injecting it as a powder directly into the combustion zone to capture the
alkali as soon as they vaporize;
• ex situ, by passing the gas through a fixed bed with the sorbent
Due to the short reaction time in the plasma gasifier, sorbents can not be used in situ for
this  application.  Furthermore  the  high  operation  temperatures  of  plasma  gasification
damage the sorbent and its contact with the gas is not optimal. For these reasons only the
sorbents used for down-stream application are considered in the following chapters. An
overview on the composition of the most common solid sorbents is shown in Table 6. It can
be observed that Al2O3 and SiO2 are the main component of the sorbents. It has been
already proven that alkali metals react with silicon compound at temperature about 650 °C
[77].  Uberoi  et  al.[19]  suggest  that  kaolinite  and bauxite  are  more  suitable  for  in  situ
removal of alkali while emathlite is more indicated for downstream alkali removal because
the first two sorbents form compounds with a higher melting point.  
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Type of
Sorbent
Composition [%]
SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O
Kaolinite 52 45 2.2 0.8 / / /
Bauxite 11 84 / 5 / / /
Emathlite 73 14 / 3.4 5 2.6 1.2
Alumina / 100 / / / / /
Table 6: Most common sorbent used for alkali adsorption and their composition
Furthermore  sorbents  can be divided in  two  category:  sorbents  assembled by natural
minerals and synthesized sorbents. From a literature review the characteristics of the most
promising  sorbet  are  summarised  in  Table  7.  Between  natural  sorbents  there  is
diatomaceous  earth,  acidic  white  clay,  kaolinite,  alumina,  bauxite  and  emathlite.  The
synthesized sorbent include activated clay, activated bauxite and activated alumina.
51
Type of 
Sorbents
Sorbents NaCl Removal efficiency 
[%]
KCl Removal efficiency 
[%]
Natural Diatomaceous
earth (silica)
74[79] (with Air)
96[79] (with Simulated dry 
flue gas)
98[79]
Acidic white clay 92.7[11]
Kaolinite 88.06[11] 98-97[7] (750°-950°C)
0.5<ds<1; 98.4[7] (850 °C)
Bauxite 92.52[11]
Emathlite >92[10] >99[10]
Special grade 
alumina
12.27[11] /
General grade 
alumina
62.45[11] /
Second grade 
alumina
85.29[11] /
Synthesized 
Activeted Clays 64[79] (with Air) /
Activeted
Bauxite
92[79]  (with Air)
98[79] (with Simulated dry 
flue gas) 
>92[10]
95[79]
>99[10]
Activeted
Alumina
98.2[11]  at 840° C with coal
derived gas
/
Table 7: Alkali metals removal efficiencies of most promising sorbent
Turn et al. [10] show that a negative aspect in the use of emathlite is that NaCl adsorption
results in a realise of K, which is present in the as-received emathlite. Nevertheless the
amount of K released is small compared to the Na sequestered. Uberoi et al. [19] indicated
that kaolinite and emathlite react irreversibly with the alkali while 10% of the total weight
gained by Bauxite is due to physisorption. Between the three sorbents kaolinite has the
highest capacity at  800°C, 0.25 mg/mg at saturation reached after 35-40 h, 100 mg/g
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reached after 5 h and the largest activation energy, 31 kcal/mole. High activation energy
indicates that alkali  removal is more sensitive to temperature, at high temperature rate
constant is higher than the rate constant of the other two sorbent but it is smaller at low
temperature.  Since  the  efficiency  is  affected  by  different  operational  conditions,
composition of input gas and all  the parameters discussed in the literature review, the
highest removal efficiency found in literature can not be considered the highest in absolute
compared to the result of other experimental results. For this reason the results of Dou et
al.  [11] are  took  into  account  as  reference  for  this  study.  They  investigated  different
sorbents and between  second grade alumina, bauxite,  kaoline, acid clay and activated
Al2O3 the last one indicates the highest efficiency, 98.2% for NaCl removal. All the sorbents
are tested in a fixed-bed reactor at 840°C exposed to contaminant flow for 3h using coal-
derived gas as gas carrier. The adsorption kinetics of activated Al2O3 with NaCl indicates
that there is a critical time at which adsorption constants begin to change, rate adsorption
decrease after 4 h.  The adsorption process is not still  completely understood and they
show that in the absence of moisture there is only physical adsorption. 
6.1 Adsorption of Alkali Metals on solid sorbents
The adsorption reaction is known to proceed through the following three steps [78]:
1. Transfer  of  adsorbate  from bulk  solution  to  adsorbent  surface,  which  is  usually
mentioned as diffusion
2. Migration of adsorbate into pores
3. Interaction of ions with available sites on the interior surface of pores
Generally the amount of the substance adsorbed at equilibrium depends on:
• Temperature
• Gas vapour pressure
• Specific surface area of the solid
Adsorption  equilibrium is  established  after  considerable  adsorption  of  the  gas  on  the
adsorbent surface, and can be written as a general equation:
f(a, p, T) =0                                                                                                                      (6-1)
where:
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a is the quantity of gas adsorbed on the surface per 1 g (or mol) of the adsorbent,  p is the
equilibrium pressure of the gas in the bulk phase (the equilibrium pressure) and T is the
temperature.
In general if a reaction is exothermic an increase in temperature leads to a decrease in
equilibrium constant and than the equilibrium is more oriented on the reactants.  Differently
a decrease in temperature leads to an increase of equilibrium constant which is more
oriented on the products. Furthermore if the reaction occurs with a reduction of the mole's
number it is favoured by an increase of pressure. A reaction with an increase of mole's
number instead it's favoured by a decrease of pressure. At fixed temperature a variation in
reactant  concentration  leads  to  an  increase  of  products'  concentration  since  the
equilibrium constant depends on temperature and it has to remain constant.
Adsorption can be physical and/or chemical. Physical adsorption occur in multi-layers and
condensation  occurs  when number  of  layers  increases.  Capillary  condensation  occurs
when  the  vapour  in  capillaries  is  at  pressure  values  lower  than  saturation  pressure.
Although  a  higher  temperature  increases  the  rate  of  diffusion  and  the  reaching  of
equilibrium,  physisorption  is  a  spontaneous  exothermic  phenomenon  and,  as  a
consequence, is favoured by the decrease of temperature. In physisorption molecules are
attracted to the sorbent by van der Waal's forces which are weak intermolecular forces
caused  by  dipole-dipole  attractions  [24].  BET  theory  aims  to  explain  the  physical
adsorption  on  solid  surface.  The  surface  area  obtained  using  this  method  is  largely
overestimated and SPE is a more realistic method to estimate it.  Chemisorption forms a
chemical  bond between the  molecule  and the surface of  the  sorbent.  The forces that
adhere  the  molecule  to  the  sorbent  are  much  stronger  for  chemi-sorption  than
physisorption;  thus,  desorption  is  more  difficult  [24].  Shadman  et  al.  [17]  found  that
chemisorption of the first molecular layers is irreversible while the physisorption on the
other layers is reversible. To sum up the principal differences between chemisorption and
physisorption are: the heat of adsorption (enthalphy of adsorption) involved in the reaction
which is bigger in chemisorption; phisisorption is a reversible process while chemisorption
is irreversible; thickness of the adsorbed layer can be bigger in presence of physisorption
than  chemisorption  since  the  last  one  occurs  only  in  one  layer.  In  literature  different
chemical reactions are suggested to explain the process occurring between the sorbent
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and the contaminant. Li et al. [16], using XRD to anayse a self-made sorbent, found that
physical adsorption occurs in absence of water vapour in the gas carrier while chemical
adsorption occurs in presence of water vapour. Furthermore form their study on kinetics,
the  results  indicate  that  physical  adsorption  is  controlled  mainly  by  the  product-layer
diffusion. Chemical adsorption instead is controlled by both the chemical control and the
product-layer diffusion [16].  Also Kinzing et al.[80] and Punjak et al.[81] showed that the
presence  of  water  vapor  makes  chemical  reaction  the  dominant  sorption  mechanism.
Moisture is one of the main reactants as also suggested by Dou et al. [11], Aravind and de
Jong [2], Li et al. [16], they suggested the reaction (6-2), (6-3) and (6-4) respectively. The
reaction involving water and suggested by the previous authors are listed below:
 2NaCl + Al2O3 + H2O             2NaAlO2 + 2HCl                                                                (6-2)
2AlKCl + Al2O3xSiO2 + H2O              2AlkAlO2xSiO2 + 2HCl                                            (6-3)
2NaCl + 2SiO2 + Al2O3 + H2O            2NaAlSiO4 + 2HCl                                                 (6-4)
Each reaction produce HCl in the same amount of the contaminant removed.
Li et al. [16]  suggested also a reaction (6-5) in absence of water which obtains the same
solid product of the one occurring in presence of water:
Na2O + 2SiO2 + Al2O3          2NaAlSiO4                                                                                                                                  (6-5)
Sharma et al. [8] investigated the adsorption of NaCl while Tran et al.[7] investigated on
KCl's adsorption. From the results of thermodynamic equilibrium calculations Sharma et al.
suggested reaction (6-5) and Tran et al. Reaction  (6-6), (6-7) and (6-8). All the reactions
are listed below. 
NaCl + 0.5Al2O3 + 3SiO2 + 0.5H2  + 0.5CO           NaAlSi3O8 + HCl + 0.5C                     (6-6)
Al2O32SiO2 + 2KCl + H2O           2KAlSiO4 + 2HCl                                                           (6-7)
Al2O32SiO2  + 2KOH           2KAlSiO4 +  H2O                                                                   (6-8)
Al2O32SiO2  + K2SO4           2KAlSiO4 + SO3                                                                     (6-9)
When physisorption occurs the amount of Na or K detected in the sorbent should be equal
to  the  amount  of  Cl  while  if  chemical  adsorption  occurs,  according  to  the  previous
reactions, a higher concentration of Cl is expected to be found in the outlet gas stream and
a lower amount on the sorbent. This observation can be taken into account to investigate
whether physisorption or chemisorption is taking place.
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Both physisorption and chemisorption can occur during the adsorption process. Already in
1986, Punjak, W.A. and Shadman F. [41], which studied adsorption/desorption mechanism
of alkali on various substrates, showed that condensation process of chlorides on Al2O3 is
a combination of physisorption and chemisorption. Also Uberoi et al. [19] concluded that
“the  overall  sorption  process  is  not  just  physical  and  non-selective,  but  rather  a
combination of physical and chemical processes, which are dependent on the temperature
and sorbent chemistry”.
To  understand  what  type  of  process  occur  between  the  sorbent  and  the  contaminant
different studies and analysis are made to find which products are formed on the sorbent.
Two type of approaches exist: thermogravimetric (TGA) and Packed Bed Method. TGA
method  is  the  analysis  of  a  single  or  small  collection  of  particles  in  which  alkali  are
captured during  the test.  The second one consists  in  monitoring alkali  content  of  gas
exiting or analysing getter material at the completion of the test. Ludwig et al. [82, 83] used
a  thermo-desorption  spectrometry  (TDS)  to  study  the  evaporation  of  high  boiling
substances, such as heavy metals and alkali metals compounds. To establish what type of
process occurs Turn et  al.  [10]  measured total  alkali  (K and Na) and Cl  in  the getter
material to be able to make a comparison of their amounts.  Based on the observation that
alkali are released in the form of chlorides with gasification, the ratio of the amount of alkali
to Cl in the getter material gives an indication on the type of reaction that takes place
between the sorbent and the contaminant. A molar ratio of ~1 would indicate that the alkali
chlorides are removed from the gas stream as a molecule, a molar ratio >1 would indicate
that the molecule dissociated and the Cl is released in the gas phase in form of HCl. A
molar ration <1 can be interpreted as Cl being present in the getter in a form other than
alkali chloride. The first case indicates that physisorption occurs while a molar ratio bigger
than 1  indicates  that  adsorption  is  the  result  of  a  chemical  reaction.  To measure  the
amount of alkali and chlorine adsorbed on the sorbent Uberoi et al. [19] realized a leaching
solution using a mixture of H2O/HF/HCl/HNO3 with a rate of 5/3/1/1 (portion by volume) to
dissolve the samples; the solution is diluted by a factor of 5 with deionized water. The
same authors [21] used a solution of H2O/HF/HNO3 with a rate of 2/1/1 for two hours at 40
°C for CdCl2. Compared to heavy metals, alkali metals needs HCl in the leaching solution.
Also Dou et al.[11] used a solution with 5% of HCl at 95 °C to wash the sorbent and they
used distilled water to wash the reactor tube and traps.  In this thesis the analysis of the
sorbent's structure can not be made and a particular attention is direct on how best relieve
the amount of alkali adsorbed by the sorbent and the amount present in the outlet gas,
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which is particularly difficult at ppm values. The same procedure proposed by Dou et al. is
followed.
6.2 Sorbent reversibility
If physical adsorption take place the process is reversible. In this case the sorbent can be
regenerated  and  reused. Desorption  can  be  obtained  decreasing  contaminant's
concentration in the gas carrier [17, 13]. Desorption can be reached also with an increase
in  temperature.   The  more  weakly  bounds  state  has  the  lower  activation  energy  for
desorption and therefore undergo desorption at lower temperature. According to Shadman
and Punjak [17],  with  a decrease in  NaCl  concentration in  the gas flow, the sorbent's
weight reaches half of the weight reached before desorption. Since also chlorine is lost
from the saturated bauxite during desorption, physisorbed NaCl might be the portion which
is  removed  during  the  desorption  experiment.  Also  Luthra  et  al.  [13]  observed  that  a
decrease of contaminant concentration leads to a desorption of NaCl and KCl from Al2O3,
indicating that adsorption is partially reversible. Using a simulated flue gas atmosphere
Uberoi  et  al.  [19]  found that  kaolinite  and emathlite  reacted irreversibly with  the alkali
vapours while only 10 % of the total weight gained by bauxite was due to physisorption.
From  these  results  only  the  last  sorbent  and  Al2O3 appear  to  be  partially  reversible.
Considering  the  application  of  this  research  thesis,  physisorption  must  be  avoided
because a variation of operational conditions can lead to unwanted desorption.  In this
study thermodynamic equilibrium calculations are performed both increasing temperature
and  decreasing  the  concentration  of  the  contaminant  but  no  desorption  occurred
employing activated Al2O3 as sorbent. The reason is that this type of desorption is physical
and only chemical interactions are taken into account with FactSage. A scarce chemical-
desorption occurs instead in presence of moisture while in presence of HCl the solide
product KAl9O14 is completely de-adsorbed. 
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7. Scientific Methodology
In  this  chapter  the  scientific  methodology followed  in  the  development  of  the  work  is
presented.  The  theoretical  product  composition  of  gasification  can  be  obtained  by
equilibrium calculations which are used to predict equilibrium compositions. There are two
general approaches in equilibrium modelling: stoichiometric and non-stoichiometric model.
The stoichiometric approach requires a clearly defined reaction mechanism, including all
the  chemical  reactions  and  species  involved  in  the  process.  However,  the  non-
stoichiometric method does not require reaction mechanism and species involved in the
process, the only inputs are reaction temperature, pressure and elemental compositions of
the  feedstock.  Therefore,  non-stoichiometric  method  is  particularly  suitable  for  unclear
reaction mechanisms and chemical compositions of feeding such as biomass and organic
wastes.  The non-stoichiometric  equilibrium is  based in  Gibbs free energy minimization
approach  [84].  Non-stoichiometric  model  gives  a  good  match  for  plasma  gasification
reactor [35]. 
Firstly a prediction of the chemical composition of the sewage sludge derived syngas is
found to have a prediction of contaminants' concentration.  The composition of the syngas
is  calculated  performing  thermodynamic  equilibrium  calculations  using  the  software
FactSage. 2000 K is assumed to be a good approximation of operational temperature of
plasma gasification. To investigate the effect of temperature, thermodynamic equilibrium
calculations are also performed for a range of temperature between 550 K and 900 K
because  they  are  the  most  common  temperature  implemented  in  current  gasification
processes.
Stoichiometric amount of air necessary to complete combustion in the plasma gasifier is
calculated  knowing  carbon,  hydrogen  and  oxygen  content  in  the  feedstock  and  it  is
expressed  with  reaction  (7-1).  To  have  favourable  process  condition,  to  achieve  the
highest net electrical efficiency, gasification requires O2/fuel-ratio of about 0.3 [26]. 
The complete combustion reaction of a general fuel can be written as:
CxHyOz + aO2            xCO2  + ½ y H2O                                                                             (7-1)
Where: a is the number of moles of O2 required to complete combustion and it is 
calculated using this relation:
a=x+ 1
4
y−1
2
z                                                                                                              (7-2)
The  concentrations  of  the  products  of  interest  for  this  study,  the  alkali  metals,   are
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illustrated in Appendix B. The same simulation are performed also for three other different
feedstocks:  coal,  RDF  and  wood.  Thermodynamic  equilibrium  calculations  between  a
range of temperature from 550 °C to 900°C are also performed for these feedstocks.  In
Appendix  B  are  reported  the  results  for  alkali  metals.  The  results  show  that  the
concentration  of  each  contaminant  and  the  concentration  of  moisture  depends  on
feedstock's composition but also on operative conditions of gasification. Alkali metals in the
sewage sludge derived syngas are produced with a concentration of 550 ppm and 440
ppm respectively for NaCl and KCl at 2000 K and the water content in moles is 13.4%.
Between 550°C and 900°C alkali metals content varies from 0.6 ppm to 482 ppm and from
0.2 ppm to 721 ppm respectively for KCl and NaCl. Coal-derived syngas has an alkali
metals content always lower than 1 ppm while the concentration of alkali metals in wood-
derived syngas is always lower than 152 ppm. Sewage sludge and RDF-derived syngas
instead have a concentration of alkali metals at least twice bigger compared the previous
raw material. Wood and coal-derived syngas have a lower alkali metals content compared
to sewage sludge and RDF-derived syngas because the feedstock has a lower content of
K, Na and Cl. The water content of the syngas is different for different feedstocks and it
varies  with  gasification temperature.  The range of  the rate of  water  content  in  moles,
between the range of temperature investigated, is 1.7-6%,  3.8-11.3%, 1.7-11% and 9.3-
13.9% respectively for coal, wood, RDF and sewage sludge. The smallest value is referred
to lower gasification temperatures and bigger value for higher gasification temperatures.
Hereafter FactSage is used to perform the simulations to investigate the performances of
activated Al2O3 at different operational temperatures and moisture contents. The range of
temperature investigated goes from 650°C to 850°C and the moisture content from 0% to
15.7%. This range of moisture is investigated because as reported before it is close to the
range  of  the  moisture  content  of  the  syngas  produced  with  different  feedstocks.  The
contaminant  bed  is  set  at  640°C,  10°C  lower  than  the  lowest  sorbent's  temperature
investigated,  to  avoid  condensation  of  KCl  vapours  on  its  surface.  Higher  sorbent
temperature than 850°C is experimentally difficult to reach with the available furnace.  All
the simulations performed are reported in Table 8 and 9. The theory which is behind the
software is explained in the following paragraph.    Although alkali metals can be produced
with  concentrations  of  hundreds  of  ppm  according  to  which  type  of  gasification  and
operational condition, 19.48 ppm of inlet KCl vapours concentration is considered in this
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investigation because is the concentration present at 640°C and usually the syngas is
unlikely kept at temperatures higher than 650 °C downstream the gasifier. Furthermore
19.48 ppm is a feasible concentration to reach with the experimental  set-up available.
Thermodynamic  equilibrium  calculations  are  performed  also  to  predict  the  product  of
adsorption and to better understand the chemical reactions occurring between the sorbent
and the contaminant. 
7.1 Factsage
The  software  FactSage  version  5.4.1  is  used  to  perform  thermodynamic  equilibrium
calculation to simulate experimental tests and to predict their results. Inlet component and
operational conditions in term of temperature and pressure are given and it provides the
products and information about their composition, phase and concentration. The package
includes  several  databases,  the  databases  used  in  this  study  are  ELEMBASE,
FS53BASE,  FS50BASE,  FTHALL53BASE,  FTMISC53BASE,  FTOXID53BASE,
FTSALT53BASE. Compound databases are for stoichiometric solid, liquid and gaseous
species. 
FactSage  employs  Gibbs  free  energy  minimization  algorithm  and  thermochemical
functions of ChemSage. In a system at constant temperature and pressure, a state of
chemical equilibrium is characterized by the minimum value of the total Gibbs free energy
of the system. Total Gibbs energy is expressed as:
dG=Vdp−SdT+∑
i
μidni                                                                                               (7-1)
Where μi is the chemical potential of the ith chemical component, and ni is the number
of particles (or number of moles) composing the ith chemical component. 
For constant T and p gibbs energy is:
dG=∑
i
μidni                                                                                                                 (7-2)
The  criteria  for  a  thermodynamic  equilibrium  show  that  an  isothermal  and  isobaric
chemical system is at equilibrium when the Gibbs free energy is minimized, hence the
following equation must be satisfied:
dG=∑
i
μidni=0                                                                                                            (7-3)
In a multi-component and multiphase system, Gibbs function can be expressed as [85]:
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j=1
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i=1
N c
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nij(μij
°+RT ln (
f¯ ij
f ij
° ))                              (7-4)
Where:  ai is the activity,  Np the number of mixed phases,  Nc the number of species in
mixed  phases. The  variations  dNi in  number  of  moles  of  gaseous  species  are  not
independent  but  must  conform the  element  balances,  which  are  treated  as  constraint
equations.
In  Illustration  22 on the  left  it  is  shown the  reactant  window where  the  reactants  are
defined while on the right  is shown the menu window where the type of products are
selected and the final  operation condition are specified. In  Illustration 23 is shown the
results window where are also presented specific heat capacity Cp, variation of enthalpy
ΔH°, variation of entropy ΔS, variation of gibbs energy ΔG. 
Illustration 22: On the left Reactant window and on the right Menu window of FactSage
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Illustration 23: Results window of FactSage
The cutoff limit for phase of gas constituent activities is set to a molar flow of 10 -12. When
constituent are marked with “T” the correspondent data are extrapolated outside their valid
temperature  range.  This  last  case happens when a compound formed does not  have
stored  property  at  the  temperature  covered  during  the  simulation  and  the  software
automatically  extrapolates  missing  information.  It  must  be  considered  that  Factsage's
results are based only on chemical interactions, hence different results are expected to be
found  from  experiments,  especially  if  mainly  physical  interaction  occurs  between  the
sorbent and the contaminant. Furthermore equilibrium is not necessarily reached in real
systems. Nevertheless thermodynamic equilibrium calculations give an indication of the
expected results and can help to better understand how variables affect the process.
7.1.1 Simulations performed with FactSage
Alkali  metals  vapours  concentration  in  the  gas  carrier  depends  on  contaminant  bed's
temperature.  KCl is selected as contaminant because at same temperature conditions the
concentration of potassium chloride's vapours is higher than sodium chloride's vapours
and  in  this  way  is  easier  to  detect  variation  in  concentration  in  experimental
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measurements. Thermodynamic  equilibrium  calculations  and  the  experimental
investigation are performed with a flow of 200 Nml/min of N2, corresponding to a molar
flow of 0.008316 mol/min. Because of the minimum sorbent temperature tested of 650 °C,
the maximum achievable temperature of the contaminant bed is 640 °C, that correspond to
a KCl concentration of 19.48 ppm (see Table 11). FactSage is initially used to calculate the
saturation concentration of water when the flow of N2 passes through the humidifier at
25°C,  35°C  and  45°C.  Successively,  the  saturation  concentration  and  molar  flow  of
contaminant KCl in humidified and in dry N2 is calculated for a range of temperature going
from 600°C to 700°C. KCl reacts with H2O forming also small amount of KOH and HCl. To
estimate  the  effect  of  side  reactions  occurring  between  KCl,  H2O,  KOH,  HCl  and  N2
simulations are performed from 650°C to 850°C and in this way can be established if the
sub-products  are  produced  in  negligible  amount  compared  to  N2,  H2O  and  KCl.
Simulations are performed afterwards to investigate if initial HCl content can be neglected
and other five simulation are performed to investigate the effect of HCl on activated Al2O3
performances in the range of temperature between 650 to 850°C. A particular attention is
given  to  HCl  because  its  presence  can  have  a  significant  negative  effect  on  alkali
adsorption and it is one of the product of adsorption as illustrated in equation (9-1). Lastly
the interaction between activated Al2O3 and KCl vapours is simulated for different sorbent
temperatures in the range of 650-850°C with step of 50°C using firstly dry nitrogen and
after  humidified nitrogen at  5.61%. For dry nitrogen (case a) and a vapour content  of
5.61% (case b) the operational conditions of the five simulations are summarized in Table
8.  Finally  keeping  constant  sorbent  temperature  at  650°C  the  effect  of  water  vapour
content on sorbent removal efficiency is detected with four simulations; water content in
the gas flow is 0%, 3.16 %, 5.61 % and 9.55 %. Operational condition of the simulations
are summarized in Table 9. 
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Effect of temperature
Simulation Input KCl initial concentration Sorbent Temperature 
1.a
1.b
Gas: N2, KCl
Gas: N2, KCl, H2O
Solid: Al2O3
19.48 ppm 650 °C
2.a
2.b
Gas: N2, KCl
Gas: N2, KCl, H2O
Solid: Al2O3
19.48 ppm 700 °C
3.a
3.b
Gas: N2, KCl
Gas: N2, KCl, H2O
Solid: Al2O3
19.48 ppm 750 °C
4.a
4.b
Gas: N2, KCl
Gas: N2, KCl, H2O
Solid: Al2O3
19.48 ppm 800 °C
5.a
5.b
Gas: N2, KCl
Gas: N2, KCl, H2O
Solid: Al2O3
19.48 ppm 850 °C
Table 8: Simulation performed for a range of temperature of 650-850 °C with an initial KCl
concentration of 19.48 ppm for dry (case a) and humidified N2 (case b)
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Effect of moisture content
Simulation 1 2 3 4 5
Humidifier
temperature 
/
25 °C 35 °C 45 °C 55°C
H2O 
concentratio
n 
0% 3.16 % 5.61 % 9.55 % 15.69 %
KCl  initial 
concentratio
n 
19.48 ppm 19.48 ppm 19.48 ppm 19.48 ppm 19.48 ppm
Sorbent 
temperature 
650 °C 650 °C 650 °C 650 °C 650 °C
Table 9: Operational condition for different water vapour content 
The results of FactSage are used to calculate the removal efficiency for different sorbent
temperatures and for different moisture content of  the gas carrier.  Inlet  and outlet  KCl
molar flow is used to calculate removal efficiency as illustrated below:
ηremoval=
ϕKCl inlet−ϕKCloutlet
ϕKCl inlet                                                                                               (7-5)
The results show that the variation in KCl molar flow is not always equal to KAl9O14 formed
on the sorbent. Its amount decreases compared to the molar flow variation between inlet
and outlet when sorbent's temperature increases. In fact suggests that a limited part of the
KCl reacts with water vapor poducing KOH. For this reason a different expression of the
removal efficiency is also calculated:
ηremoval=
ϕKAl 9O 14
ϕKCl intlet                                                                                                             (7-6)
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8. Experimental approach 
The conditions summarized in Table 8 and Table 9 are also tested experimentally in the
laboratory. From the control panel N2 flow is set at 200 Nml/min and the temperature of the
sorbent and of the contaminant is measured with thermocouples. Firstly four blank test are
performed to investigate the repeatability of  the test.  Blank test are performed without
placing  the  sorbent  in  the  reactor,  the  flow  of  N2 is  setted  at  100  Nml/min  and  the
contaminant's  temperature  is  setted  at  640°C. It  is  noticed,  also  in  literature,  that  the
measurement of contaminant concentration is challenging because it is difficult to detect it
at  low concentration  and because some of  the  contaminant  might  stick  on  the  tube's
surface. In the present set-up the variation in mass of the contaminant bed could not be
measured  with  the  experimental  devices  available  in  the  laboratory  and  on  line
measurement of contaminant's concentration in the flowing gas is employed. The flowing
outlet gas is made to pass in a bottle containing demineralized water and the amount of
alkali dissolved is measured. With the amount of K measured and knowing the duration of
the  test,  KCl  molar  flow  can  be  calculated.  To  evaluate  sorbent's  performances  it  is
necessary to measure the initial and the final KCl molar flow and concentration. For this
purpose the amount of KCl contaminant dissolved in the demineralized water (KClcondenser)
of  the  impinger  bottle,  the  one  condensed  on  the  setup  pipes  (KClpipes)  and  the  one
adsorbed by the sorbent (KClsorbent) is measured. The initial  KCl molar flow is obtained
summing up the  amount  of  KCl  adsorbed by the  sorbent,  dissolved in  the bottle  and
condensed on the pipes divided by the duration of the experiment. This value is compared
with  the  results  obtained with  the  simulations  performed with  FactSage based on the
assumption  that  the  theoretical  KCl  vapor  concentration  reaches the  saturation  at  the
detected temperature. The accuracy of this assumption is estimated doing the four blank
tests. The  final  KCl  molar  flow instead  is  calculated  summing  up  the  amount  of  KCl
dissolved in the demineralized water and condensed on the pipes divided by the duration
of the experiment. 
Part of the alkali are adsorbed by the sorbent and this amount is measured through the
leaching of the sorbent with a solution of water and 5% of HCl. A certain amount of KCl
vapour condenses on reactor tube's surface where it is at lower temperature compared the
temperature of the source of contaminant. Its contribute is also took into account washing
the tube with water at  95°C. The presence of Cl  in the leaching solution makes more
difficult to define Cl ions contained in the sample since part of it is due to physisorption and
66
the most of it is already present in the leaching solution. To determine the amount of Cl
physisorbed,  the  Cl  content  in  the  leaching  solution  is  measured  and  this  quantity  is
subtracted to the total Cl ions amount presents in the sorbent's sample. The samples are
analysed by an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).
The device measures the concentration of K and Cl ions dissolved in the deionized water
and in the HCl solution with a sensibility of 1 ppm. This is the condition that is taken into
account to evaluate the minimum duration time of each test. In this way in each sample
there is enough concentration of K and Cl to be detected. Duration time goes from 2h to
16h accordingly to operational conditions. Although each test has different duration, the
performances  are  assumed  to  be  constant  within  this  range  of  duration  because  the
amount of KCl adsorbed is not enough to saturate the sorbent. According to Dou et al.[11]
the correspondent amount of KCl over the Kg of sorbent at saturation is around 26mg/Kg.
The expression used to calculate the removal efficiency for the experimental investigation
is:
ηremoval=
KCl sorbent
KCl sorbent+KClcondenser+KClpipes
                                                                           (8-1)
It  is not possible to determine wheter the amount of K+ ions detected by the ICP-OES
comes from KCl or from KOH, K2 or KAl9O14 or other components that contain K. It  is
noticed that if just chemisorption occurs, equation (8-1) is equal to equation (7-6), because
potassium is present in the sorbent just in the form of KAl9O14. This comparison provides
an additional way to estimate if chemisorption or physisorption occurs during the reaction.
8.1 Setup description
The set-up implemented in the laboratory is illustrated in Illustration 24 and its schematic in
Illustration 26. It is made up of a storage for N2 gas, a humidifier, a KCl evaporation section
with the contaminant bed, a fixed bed reactor, a gas adsorption section with the sorbent
and  a  condensation  section  with  the  impinger  bottle.  The  set-up  is  assembled  of  a
cylindrical  furnace,  electrically  heated,  whose heating  rate  [°C/h]  and  temperature  are
setted by the control panel illustrated on the left of Illustration 27 In the furnace, that is
internally cave, is placed a removable quartz tube of 4 cm of external diameter. The quartz
tube has two gas inlet on the bottom and one gas outlet on the top. The lateral inlet will be
called secondary inlet and the inlet located in the bottom will be called primary inlet and
they are illustrated in Illustration 25. The secondary inlet is connected to nitrogen storage
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during the heating up and is temporarily and hermetically closed during the test using
grease. The primary inlet is used to introduce the thermocouple, before to start the test, to
measure  the  temperature  where  will  be  placed  the  contaminant  pipe.  In  this  way the
contaminant bed can be positioned at the right height of the quartz tube according to the
temperature reached in that point of the furnace. The contaminant pipe is placed in the
furnace only when the tube's surface is completely dry and the test is ready to start to
avoid any possible unwanted interaction.
 Illustration 24:  Experimental set-up
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Illustration 25: On the left primary (with the red cup) and secondary inlet during the heating
up of the furnace, N2 flows through the secondary inlet and the primary is closed; on the
right primary and secondary inlet during the test, N2 flows through the primary inlet and
the contaminant pipe while the secondary inlet is temporarily and hermetically closed
N2 volumetric flow rate is controlled with a mass flow controllers Bronkhorst F-201C-FA-33-
V with a maximum flow rate of 500 NmL/min. The gas passes thought a humidifier, shown
in Illustration 27 on the right, via a three-way valve and after it goes directly to the furnace.
The pipe that connects the humidifier to the furnace is heated by a trace-heating covered
by an insulating fabric  to  decrease dissipation but  also for  safety reasons.  The trace-
heating keeps the pipe at 115°C to avoid condensation of water vapour on the steel pipes.
For the same reason also the cap of the humidifier is always heated 5°C higher than the
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humidifier. From the schematic it can be seen that four temperature controllers are used to
regulate the temperature of the humidifier, the humidifier cap, the heat tracing and the
furnace. The thermocouple of the humidifier, humidifier cup, trace heating and the centre
of the furnace is always fixed in the same position for each test. Another thermocouple has
an adjustable axial position in the furnace and it is used to measure the temperature of the
sorbent and the contaminant bed. 
Illustration  26:  Schematic  of  the  experimental  apparatus.  Legend is  as  follows:  1,  N2
storage;  2,  thermal  mass  flow  meter;  3,  electronic  control  valve;  4,  3  way  valve;  5,
humidifier cup; 6, humidifier;   7, N2 mass flow control; 8, trace heating; 9, electric furnace;
10, contaminant bed; 11, sorbent; 12, temperature control; 13, condenser; 14, exhaust gas
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line
N2 is  used  as  gas  carrier  since,  according  to  literature  results  and  thermodynamic
equilibrium calculations, it does not take part in the adsorption process of the contaminant
on the sorbent [11]. According to the case it is blended with moisture using the humidifier,
while KCl vapour is introduced through the contaminant bed that is setted at 640°C. The
contaminant pipe and the tube of the reactor are made by quartz and their interaction with
the contaminant is assumed to be negligible. Also the support is made by quartz and it has
a partially porous structure to make the gas carrier go through the reactor. The support is
placed in  the  middle  of  the  reactor  and it  can not  be  removed.  For  the  experimental
investigation it was planned to use a different reactor compared the one that is actually
used. The designed reactor for the experimental investigation has a removable support for
the contaminant without a porous structure but due defeats of fabrication, four of them
broke  and  the  previously  described  reactor  is  the  only  available  for  the  experimental
investigation.  Nevertheless  it  is  assumed  also  for  the  support  to  have  a  negligible
interaction  with  the  contaminant  KCl. The  thermocouple  controlling  the  furnace  is
positioned  on  its  internal  surface  at  the  axial  height  where  it  measures  the  highest
temperature point. The presence of the temperature gradient makes it possible to adjust
the temperature of the sorbent and that of the contaminant bed varying their position inside
the furnace. The temperature gradient is used to keep the sorbent at a higher temperature
compared to the one of the contaminant bed and avoid KCl condensation on the sorbent.
Between the furnace outlet and the exhaust line there is an impinger bottle, illustrated in
Illustration 28 on the left, containing demineralized water. The contaminant present in the
gas carrier dissolves in the water and the amount of K and Cl ions is measured afterwords
by the ICP-OES. 
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Illustration 27: On the left control panel; on the right humidifier and humidifier cup
The sorbent is placed in the furnace on a porous disk of quartz as support as shown in
Illustration 28 in the middle. The sorbent investigated is activated Al2O3 in the shape of
spheroidal beads with a diameter of approximately 0.47 cm and a total weight of 8g. The
contaminant pipe is shown in Illustration 28 on the right, the darker layer is the support
made of rock wool, the white layer above is the KCl salt. The contaminant pipe is fixed to
the quartz holder thanks to the red cap, as illustrated in Illustration 25 on the right.
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Illustration 28: On the left impinger bottle; in the middle spheroidal beads that form the
layers of the sorbent over the support made by quartz; on the right contaminant pipe
Space velocity is the parameter considered to size the reactor. The average diameter of
the pipe containing the sorbent is 3.5 cm and bed height is 1.25 cm. Considering a flow of
200 NmL/min, a space velocity of approximately 1000 h-1 is obtained. The contaminant
pipe is 0.32 cm in diameter and the bed height is 0.8 cm, resulting in a space velocity of
around 142000 h-1. The sorbent bed is always positioned in the higher half of the furnace
close to the middle where the temperature is the highest, in this way it is easier to maintain
the condition of sorbent temperature higher than alkali source's temperature. As previously
explained with this configuration physical condensation of alkali on the surface of sorbent's
particles is avoided. After passing through the sorbent the gas cools down and completely
condenses in the impinger bottle. Finally the gas flows into the exhaust gas line. 
8.2 Procedure description
Firstly  a  heating  rate  of  100  °C/h  is  given  from  the  control  panel  to  increase  the
temperature of the furnace that is set at 850 °C. The system starts to give power and the
furnace starts to heat up. Before the experimental investigation furnace's temperature is
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measured. Profile temperature versus height of the furnace is illustrated in Illustration 29
The profile is used to have an indication of where to locate the contaminant bed and the
sorbent. The temperature in these points is verified before each test using a thermocouple.
The thermocouple that measure the set point temperature is placed in the hottest point of
the  furnace.  850°C  is  the  highest  temperature  tested  to  investigate  sorbent's
performances,  in  all  the  other  cases  the  temperature  is  decreased  considering  that
sorbent's temperature is investigated in the range from 650°C to 850°C.
During each experiment, the carrier gas flow rate is kept constant at 200 Nml/min. Before
performing the real tests, blank tests are performed. When the sorbent is not placed in the
quartz tube all the KCl vapours should flow within the nitrogen gas and condense inside
the impinger bottle which contains 50 ml of distilled water and on the surface of the tubes.
The amount of K in the impinger bottle and the one deposited on the tubes is measured to
make  this  evaluation.  Both  for  blank  test  and  for  real  test,  KCl  molar  flow  and  its
concentration in the N2 carrier  gas is routinely calculated from thermodynamic data by
assuming that the carrier gas becomes fully saturated while percolating through the salt
bed and also that monomers and dimers of KCl were present in the gas in equilibrium at all
temperatures.  This  assumption  was  checked  in  the  following  way.  As  the  gas  carrier
passed up and out of the hot zone of the furnace, the salt vapours in it condenses onto the
relatively cold walls of the reaction tube and inside the condenser. Several experiments
are performed in which the concentration of KCl vapours in the carrier gas is not varied at
all at any time during the experiment except for the negligibly brief periods at the beginning
and the end when the contaminant pipe is placed inside and took it out the quartz tube.
From  experimental  durations,  the  gas  flow  rate  and  the  calculated  concentration  is
computed how much salt should have been transported from the salt bed and deposited
downstream on the tube walls and in the condenser. After each test the salt deposit is
washed from the tube walls with water at 95°C and the resulting aqueous solution and the
water sample contained in the impinger bottle are analysed with ICP-OES to measure the
amount of K ions.  After the blank test the real tests are performed. The quartz tube is
placed inside the furnace and the N2 flow coming from the secondary inlet heats up the
tube while the primary inlet is closed with the red cup. This step is necessary in order to
dry internal surface of the quartz tube. Before to start the test a thermocouple is placed in
the tube of quartz from the primary inlet to verify that there are 640°C in the point where
will be located the contaminant pipe. The temperature of the humidifier, humidifier cup,
trace heating and sorbent are set at the prefixed temperature from the control panel. The
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humidifier cup is always 5 °C higher than the humidifier and the trace heating is at 115 °C.
When the test starts the gas is than introduced via the primary inlet, after it passes through
the contaminant bed and, successively, through the sorbent. During the test the secondary
inlet is closed temporarily and hermetically. When the desired temperature is stable, the
contaminant tube is introduced in the furnace. An amount of 8 g of activated Al2O3 is used
for  each  test. The  tests  are  performed  from  3  hours  to  16  hours  according  to  the
operational conditions investigated. Finally sorbent's particles are leached with a solution
of 5% of HCl at 95°C while the reactor tube is leached with 50 ml of distilled water at 95°C
as for the blank test. The water in the impinger bottle and the acid leaching solution are
analysed to measure K and Cl ion concentration by ICP-OES that has a sensibility of 1
ppm. The error of measurement made with the ICP-OES is around 2-3%. 
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9. Results and discussion
The measurements of temperature of the furnace with the thermocouple give the axial
profile shown in Illustration 29 The profile is almost symmetric and the hottest temperature
of 850 °C is reached at 18.1 cm of height.   
Illustration 29: Temperature versus height of the furnace. The profile is referred to the
operational condition of 850 °C of the furnace and 100 ml/min of N2 flow.
The temperature gradient is smaller in the centre and bigger in proximity of the borders.
The contaminant bed has a height of 0.8 cm, the temperature gradient in the lower part of
the  furnace,  where  it  is  placed,  is  around 74.7°C/cm,  and as  consequence a precise
placement of the contaminant is required. Sorbent's height is 1.25 cm and it placed in the
hottest  section of  the furnace,  where the temperature gradient  is  smaller,  temperature
gradient is around 1°C/cm. Also a radial temperature gradient in the range of 10-18°C is
measured. The temperature increases around 10°C from the centre to the surface of the
cylindrical furnace. Furthermore in some points of the furnace the temperature decreases
even more indicating that the furnace is not homogeneously electrically heated. 
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9.1  Thermodynamics  equilibrium  calculations  results  and
experimental results
This section show the results obtained performing thermodynamic equilibrium calculations.
Firstly the effect of seven different water vapour concentration in volume in the nitrogen
stream is examined. Factsage is used to calculate water vapour concentration and molar
flow when N2 molar flow is kept at 200 Nml/min, which correspond to 8.316*10 -4 mol/min.
Pressure is set at 1 atm and humidifier's temperature is in the range from 25 °C to 55 °C
with step of 5 °C. The results are reported in Table 10 and water vapour concentration
versus humidifier temperature is reported in Illustration 30. Water vapour concentration
increases exponentially  with  the  increase of  temperature.  Moisture  content  in  sewage
sludge derived gas is around 9-14% (13.4% at 2000K). In this work the effect of 0%, 3.16
%, 5.61 % and 9.55 % of  moisture content  are detected experimentally,  15.7% is  not
investigated because this value is not feasible with the experimental set-up available. The
correspondent  humidifier  temperature  are  25°C,  35°C,  45°C  and  the  humidifier  is
disconnected when the test are performed with dry N2.
Moisture content
Humidifier
temperature
[°C]
25 30 35 40 45 50 55
Water vapour 
concentration 
[%]
3.16 4.23 5.61 7.36 9.55 12.3 15.69
Water vapor 
molar flow 
[mol/min]
2.71*10-4 3.67*10-4 4.94*10-4 6.60*10-4 8.79*10-4 11.6*10-4 15.4*10-4
Table  10: Water vapour concentration and molar flow for a range of temperature going
from 25 °C to 55 °C
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Illustration 30: Water vapour concentration versus humidifier temperature between 25 °C 
and 55 °C.
Secondly  simulations  are  performed  with  dry  nitrogen to  find  KCl  molar  flow  and
concentration  between the  range of  temperature  600-700°C with  a  step  of  10°C.  The
software gives two types of  chlorides as output,  KCl  and (KCl)2.  KCl  molar  flows and
concentrations reported in Table 11 take in account the sum of the monomers and dimers
of  potassium  cloride.  From  now  on  with  KCl  it  is  considered  the  sum  of  the  two
components if is not differently specified. 
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Contaminant bed
temperature [°C]
KCl concentration 
[ppm] 
KCl molar flow 
[mol/min]
600 5.15 4.28*10-8
610 7.27 6.04*10-8
620 10.17 8.46*10-8
630 14.13 11.74*10-8
640 19.49 16.2*10-8
650 26.68 2.2*10-7
660 36.27 3*10-7
670 48.99 4.06*10-7
680 65.74 5.46*10-7
690 87.67 7.28*10-7
700 116 9.66*10-7
Table 11: KCl concentration and molar flow with dry nitrogen set at 8.316*10-3 mol/min
The contaminant molar flow increases with the temperature as displayed in Illustration 31. 
Illustration 31: KCl concentration in nitrogen gas versus temperature in the range of 600-
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700 °C
Blank tests
Four blank tests are performed without the sorbent to compare KCl molar flow measured
in the N2 flow with the one resulting from thermodynamic equilibrium calculations. A flow of
100 Nml/min of N2 is set from the control panel while the contaminant bed temperature is
at 630°C.  Experimental results are reported in Table 12.
Quartz tube “Q” Impinger1 “I1” Impinger2 “I2”
Test Cl 
[ppm]
K 
[ppm]
Cl 
[ppm]
 K 
[ppm]
Cl 
[ppm]
K
[ppm]
1 7.81 4.05 19.44 0.1 1.6 <DL
2 2.6 1.17 0.72 <DL 0.09 <DL
3 3.79 2.21 0.98 <DL 0.1 <DL
4 3.99 4.17 0.77 <DL 0.09 <DL
Table  12:  K and Cl  concentration in the samples of  the quartz tube,  first  and second
impinger
In the quartz tube and pipes the amount of K detected is always smaller than the amount
of Cl apart the last test, while in the impinger K is detected only in one of the test.  The
total amount of K and Cl is expected to be the same since they leave the contaminant bed
almost at the same quantity as KCl vapour. The error of measurement made with the ICP-
OES in this case is lower than 1 ppm so the difference of the total amount of K and Cl can
not be due to an error of measurement. An explanation is that K and Cl reacted differently
in  the reactor  and part  of  the  K is  adsorbed.  In  that  case the adsorption  is  chemical
because in case of phisisorption all the K adsorbed is removed by the water at 95°C that is
used to wash the set-up. Between the contaminant bed and the impinger there are not
other components apart the support of the sorbent that is fixed in the reactor. The support
is made by quartz as the reactor but their interaction with KCl is supposed negligible.
Nevertheless, due to its porous structure it could have reacted with the small concentration
of alkali metals present in the flowing N2. This hypothesis is further discussed in paragraph
7.3.2 The molar flow of KCl is calculated from the total amount of Cl measured because
the total amount of K detected is lower than Cl as written previously. The results are shown
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in Table 13. 
Test KCl molar flow [mol/min]
Simulation result Experimental result
1
2
3
4
5.87*10-8
5.87*10-8
5.87*10-8
5.87*10-8
4.31*10-7
7.06*10-8
1.01*10-7
1.03*10-7
Table 13: Blank test performed at 630°C
The results show that there is not repeatability on the measurement because the molar
flow goes from 7.06*10-8 mol/min to 4.31*10-7. At 630°C the theoretical molar flow obtained
performing thermodynamic equilibrium calculations is 5.87*10-8 mol/min and it is not an
accurate  approximation  of  the average molar  flow  of  1.76*10-7 mol/min  obtained
experimentally.  Furthermore  the  experimental  tests  do  not  have  a  good  repeatability
because the variation is between 0.4% to 59% compared to the average value.
The low accuracy and repeatability can be the result of the radial variation of temperature
and/or  the  axial  variation  of  temperature.  To  have  an  accuracy  within  15%,  the
contaminant bed temperature should be not higher than 665°C and not lower than 615°C.
Taken into account that the radial and axial temperature gradient is higher than 10°C/cm
and 20°C/cm respectively where is located the contaminant bed, the temperature at which
evaporation of KCl occurs could be 665°C. For what concern the blank test, even if there is
a  temperature  gradient,  a  comparison  with  the  results  of  thermodynamic  equilibrium
calculations  is  still  possible  if  all  the  amount  of  K  and Cl  released  during  the  test  is
detected.  During the blank test two impinger are implemented in the set-up to investigate
if the first impinger is enough to condensate all the KCl present at the outlet of the reactor.
The second impinger never detect a concentration of K bigger than 1 ppm while Cl is
bigger than 1 ppm only in one of the test. As consequence can be assumed than that one
impinger is enough to condensate the remaining KCl since most of it already condense on
the pipes and the quartz tube.  For this reason during the experimental investigation with
the sorbent only one impinger is used.
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Effect of water vapour content
The molar flow and concentration of the contaminant are reported in Table 14 for a water
content going from 3.16 % to 15.69 %. The contaminant bed is set at  640 °C. Results
window shows different gaseous component: KCl, (KCl)2, HCl, KOH, H2, NO. Nevertheless
molar flow lower than 10-10 is not reported in Table 14 because are not considered relevant
for this study. 
Contaminant bed set at 640 °C
Inlet gas Component molar flow [mol/min] concentration 
Dry N2 KCl 16.16*10-8 19.48 ppm
N2 with 3.16% wt KCl 1.67*10-7 19.48 ppm
HCl 8.64*10-10 0.1 ppm
KOH 8.64*10-10 0.1 ppm
H2O  2.71*10-4  3.16%
N2 with 5.61% wt KCl 1.71*10-7 19.48 ppm
HCl 1.18*10-9 0.1 ppm
KOH 1.18*10-9 0.1 ppm
H2O 4.94*10-4 5.6%
N2 with 9.55% wt KCl 1.79*10-7 19.48 ppm
HCl 1.61*10-9 0.1 ppm
KOH 1.61*10-9 0.1 ppm
H2O 8.79*10-4 9.55%
N2 with 15.69%wt KCl 1.92*10-7 19.48 ppm
HCl 2.21*10-9 0.2 ppm
KOH 2.21*10-9 0.2 ppm
H2O 1.54*10-3 15.69%
Table  14: molar flow and concentration of KCl, KOH, H2O and HCl for different water
vapor content and contaminant bed set at 640 °C
The results show that KCl saturation concentration does not change with a variation of
water vapour concentration. However KCl molar flow increases with an increase of the
level of humidification. An addition of water vapour leads to a higher KCl molar flow to
obtain the same saturation level. As a consequence it must be taken into account that the
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total amount collected in the bottle, condensed on the piping surfaces and on the mass of
the contaminant will increase for higher water vapour concentration. 
With KCl is considered as the sum of the two type of chlorides KCl and (KCl) 2 because it is
assumed  that  the  two  compounds  react  with  activated  Al2O3 in  the  same  way.  This
assumption  is  verified  by  performing  two  simulations,  one  with  KCl  and  (KCl)2 as
separated molar flow and another one considering their sum to verify that there is not
difference  on  the  interaction  with  activated  Al2O3.  The  simulation  is  performed  for  a
moisture content of 5.61% at 650°C. The results are shown in Table 15.
Φmol 
[mol/min]
Inlet composition Outlet composition
Single flow Separated flow Single flow Separated flow
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl 1.71*10-7 1.06*10-7 7.89*10-9 7.89*10-9
(KCl)2 / 3.27*10-8 1.39*10-10 1.39*10-10
H2O 5.61 % 4.94*10-4 4.94*10-4 4.939*10-4 4.939*10-4
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102
Hcl / / 1.63*10-7 1.63*10-7
KAl9O14 / / 1.63*10-7 1.63*10-7
KOH / / 7.73*10-13 7.73*10-13
Table  15:  Molar  flows  of  the  main  constituents  when  KCl  and  (KCl)2  are  considered
separately or their sum as a single term with KCl
The amount of the products HCl, KAl9O14 and KOH are the same for both cases, therefore
the assumption is verified.
Effect of HCl on sorbent removal efficiency
FactSage indicates the formation of HCl vapour with the interaction between KCl salt and
H2O vapour. Although HCl vapour is produced with an amount of two order smaller than
the one of KCl vapours,  its influence on adsorption is investigated with five simulations,
between a range of temperature 650°C-850°C with a step of 50°C. The simulations are
performed with and without HCl as input molar flow. Only the results at 650°C and 850°C
are here reported in Table 16 and 17.
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Φmol 
[mol/min]
Inlet composition Outlet composition
No HCl With HCl No HCl With HCl
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl 1.71*10-7 1.71*10-7 7.86*10-9 7.91*10-9
(KCl)2 / /  1.38*10-10 1.4*10-10
H2O 5.61 % 4.94*10-4 4.94*10-4 4.94*10-4 4.94*10-4
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102
Hcl / 1.18*10-9 1.63*10-7 1.64*10-7
KAl9O14 / / 1.63*10-7 1.63*10-7
KOH / / 7.73*10-13 7.73*10-13
Table  16:  Molar flows of the main input  and output at  650°C when HCl is considered
between the input and when HCl is neglected
Φmol 
[mol/min]
Inlet composition Outlet composition
No HCl With HCl No HCl With HCl
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl 1.71*10-7 1.71*10-7 8.17*10-8 8.23*10-8
(KCl)2 / / 2.15*10-10 2.18*10-10
H2O 5.61 % 4.94*10-4 4.94*10-4 4.94*10-4 4.94*10-4
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102
Hcl / 1.18*10-9 8.88*10-8 8.94*10-8
KAl9O14 / / 8.84*10-8 8.79*10-8
KOH / / 3.56*10-10 3.57*10-10
Table  17:  Molar flows of the main input  and output at  850°C when HCl is considered
between the input and when HCl is neglected at a sorbent temperature
At  650°C the  amount  of  KAl9O14 produced in  the case with  and without  HCl  as input
component does not change while at 850°C when HCl is already present in the flowing gas
KAl9O14 is  produced  at  smaller  amount.  Without  HCl  as  inlet  component,  KAl9O14 is
produced  with  a  flow  of  8.84*10-8  mol/min  while  when  HCl  is  considered  KAl9O14 is
produced with a flow of 8.79*10-8  mol/min. The presence of HCl has hence a negative
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effect on the chemical adsorption of KCl. Nevertheless, since the two values are slightly
different, the effect of HCl is considered negligible when is present at low concentrations. 
Since  HCl  is  produced  with  the  chemisorption  as  indicated  in  equation  (9-1),  it  is
considered useful to study its effect on the removal performances of activated Al2O3  at
higher concentrations. Five additional simulations are performed to investigate the effect of
HCl when it is in the same amount of the contaminant KCl. Water vapor content is 5.56 %
and sorbent temperature is in the range of 650 °C-850 °C. The inlet flow of N2 is 8.316*10-3
ml/min and molar flows smaller than 10-9 are not considered. The results are reported in
Table 18.
Φmol 
[mol/min]
Inlet Outlet
650 °C 700 °C 750 °C 800 °C 850 °C
N2 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3
KCl
[ppm]
1.71*10-7
[19.42]
1.68*10-8
[1.9]
3.62*10-8
[4.12]
6.88*10-8
[7.82]
1.14*10-7
[12.9]
1.64*10-7
[18.69]
H2O
5.54 %
4.94*10-4 4.939*10-4 4.939*10-4 4.939*10-4 4.939*10-4 4.939*10-4
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102
Hcl
[ppm]
1.71*10-7
[19.42]
3.25*10-7
[36.9]
3.05*10-7
[34.6]
2.73*10-7
[30.9]
2.28*10-7
[25.8]
1.77*10-7
[20.1]
KAl9O14 / 1.54*10-7 1.34*10-7 1.02*10-7 5.69*10-8 5.84*10-9
Table  18:  Effect  of  HCl  initial  concentration  of  19.4  ppm  on  outlet  molar  flow  and
concentration when sorbent temperature is in the range between 650°C-850°C
The outlet KCl molar flow at 650°C and 850°C is one order of magnitude higher compared
the case without initial HCl, reported previously in Table 16 and 17. At 650°C the amount of
KAl9O14 produced  is  slightly  lower  compared  the  case  without  HCl,  1.54*10 -7  mol/min
instead of 1.63*10-7  mol/min. At 850°C instead the amount of KAl9O14 produced is one
order of magnitude lower compared the case without HCl, 5.84*10 -9 mol/min instead of
8.79*10-8 mol/min. These results confirm the results of Dou et al.[12] who showed that HCl
in  inlet  gas  affects  the  chemical  adsorption  equilibrium  of  sorbets  in  the  process  of
removing alkali metal vapour and decreases the removal efficiency of alkali metals vapour.
Furthermore it can be added that the negative affect of HCl on removal efficiency is greater
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at  higher  temperatures.  In  the  following  simulations  HCl  molar  flow is  not  considered
among the inlet flows because it is assumed that HCl is removed in a previous phase of
the  gas  cleaning.  Furthermore  this  work  aims  to  study  independently  the  effect  of
temperature and water content on alkali metals adsorption.
Effect of contaminant bed's temperature for a fixed water vapour concentration
In this section is investigated the effect of temperature of the contaminant bed on the
flowing gases produced. For an inlet molar flow of N2  of 8.316*10-3 mol/min with  a water
vapour  content  of  5.61% are  calculated  the  outlet  molar  flows for  a  contaminant  bed
temperature  going  from  620°C  to  660°C  with  step  of  10°C.  The  gaseous  products
produced are HCl, KCl and KOH. The results are reported in Table 19.
Contaminant
bed
temperature
[°C]
HCl molar flow
[mol/min]
KCl molar flow 
[mol/min]
[ppm]
KOH molar flow
[mol/min]
620 7.09*10-10 8.96*10-8
[10.16]
7.09*10-10
630  9.18*10-10 1.24*10-7
[14.12]
 9.18*10-10
640 1.18*10-9 1.71*10-7
[19.48]
1.18*10-9
650 1.51*10-9 2.35*10-7
[26.66]
1.51*10-9
660 1.92*10-9 3.19*10-7
[36.1]
1.92*10-9
Table 19: Effect of contaminant bed temperature on HCl, KCl and KOH molar flow when
humidified nitrogen at 5.61% is introduced. For KCl are reported both molar flow [mol/min],
in the first row, and concentration [ppm], in the second row
Higher temperatures leads to higher HCl, KCl and KOH molar flow. Compared to the case
with  dry nitrogen,  shown in  Table 11,  for  each temperature KCl concentration remains
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constant while molar flow is bigger. When there is an initial content of water vapor higher
molar flow of KCl is necessary to reach the same concentration.
To  predict  side  reactions  occurring  between  N2,  KCl  and  water  vapour  other  five
simulations are performed for a sorbent temperature between 650°C and 850 °C with a
step  of  50°C.  The  initial  molar  flows  considered  are  referred  to  the  contaminant  bed
temperature of  640 °C and an initial water content of 5.61%. The results are reported in
Table 20.
Temperat
ure [°C]
HCl 
[mol/min]
KCl  
[mol/min]
KOH 
[mol/min]
Input Output Input Output Input Output
650 1.18*10-9 1.34*10-9 1.71*10-7 1.7*10-7 1.18*10-9 1.34*10-9
700 1.18*10-9 2.39*10-9 1.71*10-7 1.697*10-7 1.18*10-9 2.39*10-9
750 1.18*10-9 3.8*10-9 1.71*10-7 1.68*10-7 1.18*10-9 3.8*10-9
800 1.18*10-9 5.62*10-9 1.71*10-7 1.66*10-7 1.18*10-9 5.62*10-9
850 1.18*10-9 7.93*10-9 1.71*10-7 1.63*10-7 1.18*10-9 7.93*10-9
Table 20: The first value is the molar flow in mol/min and concentration in ppm for different
temperature in the range from 650°C to 850°C
At low temperature HCl, KCl and KOH molar flow slightly change between the input and
the output while at higher temperatures KCl molar flow decreases while KOH and HCl
molar flow increases. Nevertheless the variation of molar flow is smaller than one order of
magnitude  and  in  the  following  investigation  these  small  variations  of  molar  flow  are
neglected.
9.2 Sensitivity to temperature
9.2.1 Results of thermodynamic equilibrium calculations
Dry nitrogen 
Thermodynamic  equilibrium  calculation  are  performed  to  predict  the  performances  of
activated Al2O3 when dry nitrogen is used as gas carrier and temperature is in the range of
650°C-850°C with a step of 50°C. Input and output molar flows of N2, KCl and Al2O3 are
shown in Table 21.  For each test the initial KCl concentration is 19.48 ppm.  The initial
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amount of sorbent used to perform the simulations is higher than the actual used for the
test. However it is assumed that this difference does not cause variation in the results
because both in simulations and experiments, the amount of contaminant is not sufficient
to cause sorbent's saturation.
Φmol 
[mol/min]
Inlet Outlet
650°C 700°C 750°C 800°C 850°C
N2 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3 8.31*10-3
KCl
[ppm]
16.16*10-8
[19.48]
16.16*10-8
[19.48]
16.16*10-8
[19.48]
16.16*10-8
[19.48]
16.16*10-8
[19.48]
16.16*10-8
[19.48]
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102
Efficiency[%] 0 0 0 0 0
 Δ KCl 4*10-12 4*10-12 4*10-12 4*10-12 4*10-12 4*10-12
Table  21: Effect of sorbent's temperature with dry nitrogen is the gas carrier. Input and
output molar flows from the results of thermodynamic equilibrium calculations. 
In this case activated Al2O3 does not react with KCl vapors, indeed any solid component is
formed. Since FactSage considers only chemical interactions, in case of dry N2 chemical
adsorption does not occur while an eventual physisorption can not be identify. A decrease
in KCl  molar  flow,  that  is  around  4*10-12, is  due to  the formation of  other  compounds
containing K. 
Humidified nitrogen 
The same simulations of the previous case are performed with an initial  water vapour
concentration  of  5.56  %.  Beside  N2,  H2O and KCl  vapour,  the  software  indicates  the
formation of KOH, HCl and other compounds. The results of the simulations are shown in
Table 22. Two expression of removal efficiency are calculated. In the last row of Table 22
the  efficiency is  calculated  with  equation  (7-6)  while  in  the  previous  row the  removal
efficiency is calculated with equation (7-5). 
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Φmol 
[mol/min]
Inlet Outlet
650 °C 700 °C 750 °C 800 °C 850 °C
N2 8.31*10-3 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl
[ppm]
1.71*10-7
[19.48]
8.13*10-9
[0.92]
1.77*10-8
[2.01]
3.40*10-8
[3.93]
5.66*10-8
[6.42]
8.21*10-8
[9.31]
H2O
5.61 %
4.94*10-4 4.939*10-4 4.939*10-4 4.939*10-4 4.939*10-4 4.939*10-4
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102
Hcl
[ppm]
/ 1.62*10-7
[18.4]
1.53*10-7
[17.3]
1.36*10-7
[15.5]
1.14*10-7
[12.9]
8.88*10-8
[10]
KAl9O14 / 1.62*10-7 1.53*10-7 1.36*10-7 1.14*10-7 8.84*10-8
KOH / / 4.55*10-12 2.24*10-11 9.56*10-11 3.56*10-10
Efficiency
[%]
95.24 89.64 80.11 66.9 51.98
Efficiency
[%]
considering
KAl9O14
produced
95.23 89.57 80.05 66.78 51.73
Table  22:  Input  and  Output  molar  flows  from  Factsage  simulations  and  removal
afficiencies of the effect of variable sorbent temperature when humidified nitrogen 5.61 %
is used as gas carrier.
Between the products,  results  window shows the formation of  KAl9O14 within  the solid
compounds and its amount decreases with the increase in temperature. Highest removal
efficiency of 95.24 % is at 650°C and it decreases to 51.98 % at 850°C.  These results
suggest  that  the  chemical  adsorption  is  hindered by an  increase  in  temperature.  The
results show that for each temperature the two values of removal efficiency are always
close  to  each  other,  this  means  that  all  KCl  removed  takes  part  on  the  formation  of
KAl9O14. In case of humidified N2 alkali removal is due to chemisorption of KCl on Al2O3.
The slight difference that increase for high temperature is due to the formation of others
gaseous species in which alkali can be found as KOH and K. The molar flow of K is not
reported  because  is  lower  than  10-12.  The  trend  of  removal  efficiency calculated  with
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equation (7-5)  is illustrated in Illustration 32.
Illustration 32: Activated Al2O3 removal efficiency versus operating temperature
Furthermore from Table 22 is noticed that HCl molar flow is formed almost at the same
amount of KAl9O14. This fact indicates that the chemical reaction occurring between KCl
and activated Al2O3 releases HCl as also pointed by Dou et al. [11], Aravind and de Jong
[2], Li et al. [16], Sharma et al.[8] and Tran et al. [7] in their studies as reported in chapter
6. The chemical reaction here suggested is:
2KCl + 9Al2O3 + H2O          2KAl9O14 + 2HCl                                                                    (9-1)
With this reaction the amount of HCl produced is the same amount of KCl removed. The
chemical reaction is simulated with FactSage: 2 mole of KCl, 1 mole of H2O and 9 of Al2O3
at 650 °C react producing a decrease of enthalpy equal to -15.48 MJ. The decrease of
enthalpy indicates that the reaction is exothermic and hence high temperature disfavour
the chemical reaction. This result agrees then with experimental results.
Other simulations are performed for lower temperatures than 650°C with a step of 50°C
show that the trend of Illustration 32 is constant and the efficiency increases reaching a
maximum  of  99.78%  at  500°C.  At  lower  temperatures  thermodynamic  equilibrium
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calculations show that KCl condenses forming solid particles.
To recapitulate thermodynamic equilibrium calculations show that with dry N2 no chemical
interaction occurs between KCl vapours and activated Al2O3 while when humidified N2 is
employed  chemical  adsorption  takes  place  forming  KAl9O14 as  solid  compound  and
realising HCl at the same amount of KCl removed. Highest removal efficiency is 95.24% at
650°C and it decreases to 51.98% at 850 °C.  
From literature study it is known that alkali minerals are already used to adsorbate HCl
[59].  Based  on  this  consideration  five  simulations  are  performed  to  investigate  the
potentiality of KAl9O14  for HCl removal. The five simulations are performed for a range of
temperature  from 400°C  to  600°C  with  a  step  of  50°C.  It  is  assumed  that  HCl  inlet
concentration is 19.5 ppm while KCl initial concentration is lower than 1 ppm and than is
not considered between the inputs. Furthermore is assumed that the sorbent is made by
KAl9O14  and Al2O3, that would be the composition of the sorbent after KCl is chemically
adsorbed  activated  Al2O3.  The  inlet  molar  flow  of  N2  is  8.31*10-3  mol/min  and  the
simulations are performed both for dry (case a) and for humidified (case b) N2  at 5.6% of
water vapour. Operational conditions are reported in Table 23.
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Simulation Input Sorbent 
Temperature [°C]
Contaminant 
concentration 
1.a
1.b
Gas: N2, HCl, KCl
Gas: N2, H2O, HCl, KCl
Solid: Al2O3,  KAl9O14
400 HCl: 19.5 ppm
KCl < 1 ppm
2.a
2.b
Gas: N2, H2O, HCl, KCl
Gas: N2, HCl, KCl
Solid: Al2O3, KAl9O14
450 HCl: 19.5 ppm
KCl < 1 ppm
3.a
3.b
Gas: N2, H2O, HCl, KCl
Gas: N2, HCl, KCl
Solid: Al2O3,  KAl9O14
500 HCl: 19.5 ppm
KCl < 1 ppm
4.a
4.b
Gas: N2, H2O, HCl, KCl
Gas: N2, HCl, KCl
Solid: Al2O3,  KAl9O14
550 HCl: 19.5 ppm
KCl < 1 ppm
5.a
5.b
Gas: N2, H2O, HCl, KCl
Gas: N2, HCl, KCl
Solid: Al2O3,  KAl9O14
600 HCl: 19.5 ppm
KCl < 1 ppm
Table 23: Simulations performed for a range of temperature of 400-600 °C with an initial
HCl concentration of 19.5 ppm for dry (case a) and humidified N2 (case b)
The results of thermodynamic equilibrium calculations show that in case of dry N2 HCl final
concentration  at  400°C,  450°C  and  500°C  is  lower  than  1  ppm  while  for  higher
temperature the final concentration increases to 1.2 ppm and 2.3 ppm at 550°C and 600°C
respectively.  These results indicates that HCl adsorption is hindered by an increase of
temperature.  Furthermore it  must  be noticed that  HCl  removal  is  accompanied by the
emission of KCl at high temperatures. At 600°C KCl is present at a concentration of 4.9
ppm while for lower temperatures its concentration is always lower than 1 ppm. In the case
with humidified N2 HCl concentration decreases from 19.5 ppm to 5.9 ppm at 400°C. At
higher temperatures the final concentration increases and at 550°C and 600°C is around
19 ppm, close the initial concentration and then a small amount of HCl is adsorbed on the
surface. Both in the case with dry and with humidified N2  HCl removal is hindered by an
increase of temperature. Between 400°C and 500°C KAl9O14 and Al2O3 are potentially good
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sorbent of HCl with dry N2 because its final concentration is lower than 1 ppm.  
9.2.2 Experimental results
Dry nitrogen
From the control panel is set a flow of 200 Nml/min of N2, that correspond to 8.316*10-3
mol/min and, the same condition reported in Table 8, investigated with the simulations, are
investigated experimentally.  Table 24 and 25 report separately the amount of K and Cl
dissolved in the demineralized water (Cl impinger/Kimpinger), condensed on the set-up pipes and
on the quartz tube (Clpipes/Kpipes),  adsorbed by the sorbent (Clsorbent/Ksorbent) and their total
sum (Cltot/Ktot).  The molar flow of KCl is calculated both with the total content of K and with
the total content of Cl. Clsorbent includes also Cl present in the leaching solution of 5% of
HCl.  Since  the  error  caused  by  the  measurement  itself  is  bigger  than  the  amount
eventually adsorbed,  Cl  adsorbed can not be estimated. Furthermore is  assumed that
Clsorbent  does not contain Cl due to adsorption since also K is not detected on the sorbent.
Therefore Ctot is calculated summing up only Cl impinger and Clpipes. As discussed for the blank
test the total amount of K and Cl should give the same value of molar flow but they are
always  different.  The  average  molar  flow  is  8.52*10-8  mol/min  and  5.04*10-8  mol/min
respectively for Cl and for K. Compared to the blank tests a higher molar flow of KCl would
have been expected since the flow of N2 is twice bigger. Nevertheless the correspondent
molar  flow of  Cl  and K is  always smaller.  The calculated  molar  flow correspond to  a
temperature of the contaminant bed around 605°C instead of 640°C. Firstly it can be seen
that K is not detected on the sorbent.  This fact indicates that activated Al2O3  does not
adsorb any KCl. Most of the K detected comes from the amount condensed on the pipes
and just a small amount reaches the impinger. 
In the sample of the leaching solution of the sorbent the average content of Cl is 4.21%
while its  concentration in the reference sample of  the leaching solution is 4.47%. The
difference of these two values is due to an error of measurement because theoretically a
higher amount of Cl is expected in the samples of the sorbent when physical adsorption
occurs. Either way the amount of Clsorbent can not be smaller than the amount of Cl in the
reference leaching solution.  
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Sample
containing Cl
Sorbent Temperature
650 °C 700 °C 750 °C 800 °C 850 °C
Climpinger [ppm] 0.2 2.54 0.73 0.57 0.57
Clpipes [ppm] 10.64 33.76 1.69 3.1 5.93
Clsorbent [%] 4.17 4.13 4.22 4.23 4.3
Cltot [ppm] NA NA NA NA NA
In KCl [mol/min] 1.63*10-8 5.36*10-8 2.84*10-8 4.31*10-8 7.64*10-8
Table 24: Cl content is indicated in [ppm] and respective KCl molar flow [mol/min]
Sample
containing K
Sorbent Temperature
650 °C 700 °C 750 °C 800 °C 850 °C
Kimpinger [ppm] <DL 0.3 <DL <DL 0.11
Kpipes [ppm] 20.26 37.09 4.85 5.42 5.61
Ksorbent [%] <DL <DL <DL <DL <DL
Ktot [ppm] 20.26 37.39 4.85 5.42 5.72
In KCl [mol/min] 2.76*10-8 5.01*10-8 5.17*10-8 5.78*10-8 6.1*10-8
Table 25: K content is indicated in [ppm] and the correspondent KCl molar flow [mol/min]
It can be observed from Table 25 that Ktot is different in all the cases because the tests
have different duration. K is not detected on the sorbent and it is not detected in relevant
amount in the impinger bottle either. Two hypothesis to explain these results are given:
1) The fact that K is not detected on the sorbent suggests that KCl is not adsorbed on
activated Al2O3 with these operational conditions
2) Based also on the results of the blank tests and the investigation with humidified N2
which  fallows,  KCl  could  have  reacted  with  the  support  instead  that  with  the
sorbent. In this case the amount of K adsorbed on it  is included in the amount
indicated with Kpipes because the pipes and the support are washed together
If the first hypothesis is true and adsorption does not occur experimental results agree with
the prediction of thermodynamic equilibrium calculations but not with experimental results
found in literature. In presence of dry N2  physisorption of alkali metals on activated Al2O3
occurs [11] at 840°C. The second hypothesis can not be verified because the support
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should have been analysed singularly after each tests. With the current set-up this is not
possible  because  the  support  is  fixed  in  the  quartz  tube.  This  hypothesis  is  further
discussed in the following paragraph.
Humidified nitrogen
A flow of 200 Nml/min of N2, that correspond to 8.316*10-3 mol/min, is set from the control
panel and the same conditions reported in Table 9 are investigated for a moisture content
of  5.61%.  Table  26  and  27  report  separately  K  and  Cl  amount  dissolved  in  the
demineralized water (Climpinger/Kimpinger), condensed on the set-up pipes and on the quartz
tube  (Clpipes/Kpipes),  adsorbed  by  the  sorbent  (Clsorbent/Ksorbent)  and  also  their  total  sum
(Cltot/Ktot).  The molar flow of KCl is obtained both with K tot and with Cltot.  The resultant
average molar flow is 8.52*10-8 mol/min and 5.04*10-8 mol/min respectively for Cl and for K.
For what concern Cl is assumed that Clsorbent  does not contain Cl due to adsorption since
also K is not detected on the sorbent. As previously mentioned, the total amount of K and
Cl measured should give the same value of molar flow. Nevertheless the resulting molar
flow obtained with Cltot is bigger than the one obtained with Ktot. The fact that K is not
detected on the sorent indicates that activated Al2O3 does not adsorb any KCl. Most of the
K detected comes from the amount  condensed on the pipes and just a small  amount
reaches the impinger. The average content of Clsorbent is 4.22% while the concentration of
the reference leaching solution is 4.47%. The difference of these two concentrations is due
to an error of measurement. Also in this case the amount of Cl eventually adsorbed can
not be estimated because the error of measurement itself is bigger than the eventual Cl
adsorbed. For this reason is not possible to make any comparison on the performance of
activated Al2O3 between all the cases. 
Sample
containing Cl
Sorbent Temperature
650 °C 700 °C 750 °C 800 °C 850 °C
Climpinger [ppm] 0.29 0.04 <DL 0.25 0.08
Clpipes [ppm] 91.6 10.04 4.16 8.46 19.39
Clsorbent [%] 4.24 4.15 4.17 4.24 4.3
Cltot [ppm] NA NA NA NA NA
KCl [mol/min] 1.34*10-8 7.9*10-8 4.89*10-8 1.02*10-8 2.29*10-8
Table 26: Cl content is indicated in [ppm] and respective KCl molar flow in [mol/min]
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Sample
containing K
Sorbent Temperature
650 °C 700 °C 750 °C 800 °C 850 °C
Kimpinger [ppm] 0.12 <DL <DL 0.15 <DL
Kpipes [ppm] 26.37 3.81 3.33 2.85 20.85
Ksorbent [%] <DL <DL <DL <DL <DL
Ktot [ppm] 26.49 3.81 3.33 3.00 20.85
KCl [mol/min] 3.51*10-8 2.71*10-8 3.55*10-8 3.2*10-8 2.22*10-8
Table 27: K content is indicated in [ppm] and the correspondent KCl molar flow [mol/min]
The resultant molar flow of KCl calculated is higher compared the case with dry N2  as
predicted by thermodynamic equilibrium calculations. It  can be observed from Table 27
that Ktot measured is different for each test because they have different duration. K is not
detected on the sorbent and not relevant amount is detected in the impinger bottle either.
The same two possible explanations suggested in the case of dry N2 are here proposed:
1) The fact that K is not detected on the sorbent suggests that KCl does not react with
activated Al2O3 with these operational conditions; 
2) Based also on the results of the blank tests and the investigation with dry N 2, KCl
could have reacted with the support and the amount eventually physically adsorbed
on  it  is  included  in  the  amount  indicated  with  Kpipes  because  the  pipes  and  the
support are washed together. 
If the first hypothesis is true and adsorption does not occur, experimental results do not
agree with thermodynamic equilibrium calculation that, as reported previously,  show an
interaction between activated Al2O3  and KCl vapours. Experimental results would also not
conform to experimental results of Dou et al. [60]. Dou et al. concluded that in presence of
moisture  Nacl  is  chemically  adsorbed  on  activated  Al2O3. The  second  hypothesis  is
supported  by the  fact  that  total  amount  of  Cl tot is  higher  than Ktot.  If  part  of  the  K  is
chemically adsorbed on the support it can not be detected within Kpipes because the support
need to be washed with the leaching solution. For what concern the second hypothesis,
while interaction between aluminosilacates and alkali metals is already proven in literature,
there  are  not  studies  on  sorbent  made  only  by  SiO2.  Thermodynamic  equilibrium
calculations do not show any interaction between quartz and KCl in presence of dry N2
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while In presence of moisture KCl is adsorbed on quartz and K2Si4O9 is produced as solid
compound and HCl is produced as gaseous product at the same amount of KCl adsorbed.
The reaction suggested is reported below (9-2):
2KCl + 4SiO2 + H2O              K2Si4O9  + 2HCl                                                                  (9-2)
According to reaction (9-2) two moles of KCl react with four moles of SiO2 and one of H2O
producing two moles of HCl and one of K2Si4O9. Also according the reaction HCl is emitted
at the same amount of KCl reacting. If equation (9-2) is valid than a higher amount of Cl is
present downstream compared to the amount of K. To verify the second hypothesis the
support is washed with a leaching solution at 0.05% of HCl. The support is not removable
from the quartz tube so they are washed together but the chemical interaction of the last
one with the contaminant KCl is assumed to be negligible since it does not have a porous
structure as the support. The analysis  made by the ICP-OES shows that K is present on
the support and than the second hypothesis is true. Nevertheless since the support is not
analysed singularly after each test any conclusion can be made on the performance of
SiO2. With the current set-up it would not even be possible because it can not be removed
from the quartz tube. 
9.2.3 Discussion
Both the results of thermodynamic equilibrium calculations and experimental results show
that activated Al2O3 does not adsorbe KCl in case of dry N2. In case of humidified N2, the
results of thermodynamic equilibrium calculations show that KCl is chemically adsorbed on
activated Al2O3 and KCl removal decreases with an increase in temperature. A simulation
of the chemical reaction (9-2) suggested shows that with adsorption there is a decrease of
enthalpy. This result confirms that the reaction is exothermic and hence high temperature
disfavours  the  chemical  reaction.  Highest  removal  efficiency of  95.24% is  reached  at
650°C and a concentration of KCl lower than 1 ppm is achieved. Experimental results
instead show that KCl is not adsorbed on activated Al2O3 also in the case of humidified N2.
The fact that KCl is not detected on activated Al2O3 and that in case of humidified N2  the
content of Cl is higher than the one of K, mostly at low sorbent temperature, suggested
that a chemical adsorption could have been occurred on the support of the sorbent instead
that with the sorbent itself. The analysis made by the ICP-OES shows the presence of K
on  the  support  and  this  result  confirmed  the  previous  hypothesis.  According  to  these
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results in the experimental tests with dry N2  physical adsorption might have occurred on
the support and the amount of K adsorbed is removed from its surface when the set-up is
washed with water at 95°C. The eventual amount of K adsorbed hence is included in the
amount  indicated  with  Kpipes.  The  sensibility  of  the  ICP-OES to  detect  Cl  and  K  ions
concentration  is  around  1  ppm.  Furthermore  the  maximum  concentration  that  it  can
measure is 100 ppm. These two limit conditions must be taken into account to decide the
duration of the tests in order to manage to measure contaminant's concentration in the
samples. A prediction of the concentration of K and Cl must be than obtained performing
thermodynamic equilibrium calculations. The leaching solution used in the experimental
investigation to wash the sorbent contains a concentration of Cl bigger than 100 ppm and
it must be diluted.
9.3 Sensitivity to moisture content
9.3.1 Thermodynamic equilibrium calculations results
In this paragraph the effect on adsorption of moisture content is investigated.  A water
content of 0%, 3.16%, 5.61%, 9.55% and 15.69% is investigated at 650°C when KCl has
an initial concentration of 19.48 ppm. The operational conditions are reported in Table 9
while the initial and the outlet molar flow and the removal efficiencies are reported in Table
28. The removal efficiencies are calculated with the relations (7-5) and (7-6). The initial
components are N2, KCl, H2O and Al2O3, the products include also HCl and KAl9O14. For
KCl  and  HCl  is  also  reported  its  initial  and  final  concentration.  FactSage  show other
components between the products but molar flow lower than 10-12 are not considered to be
relevant  for  this  study.  The  case  with  0%  of  water  content  is  already  investigated
previously and the results are shown in Table 21.
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Inlet 
H2O content 3.16% 5.61% 9.55% 15.69%
Component  Φmol 
[mol/min]
 Φmol 
[mol/min]
 Φmol 
[mol/min]
 Φmol 
[mol/min]
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl
[ppm]
1.67*10-7
[19.48]
1.71*10-7
[19.48]
1.79*10-7
[19.48]
1.92*10-7
[19.48]
H2O 2.71*10-4 4.94*10-4 8.79*10-4 1.54*10-3
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102
Outlet
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
KCl
[ppm]
1.04*10-8
[1.22]
8.14*10-9
[0.92]
2.82*10-9 
[0.16]
5.49*10-9 
[0.55]
H2O 2.70*10-4 4.93*10-4 8.78*10-3 1.54*10-3
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102
KAl9O14 1.56*10-7 1.62*10-7 1.76*10-7 1.86*10-7 
HCl
[ppm]
1.56*10-7 
[18.2]
1.62*10-7 
[18.4]
1.76*10-7 
[18.7]
1.86*10-7 
[18.9]
Efficiency 93.77% 95.23% 98.42% 97.14%
Efficiency
considering
KAl9O14 produced
93.65% 95.2% 98.32% 96.87%
Table  28:  Input  and  Output  molar  flows  from  FactSage  simulations  and  removal
efficiencies of the effect of variable moisture content of N2 at 650°C
An increase in water vapour content leads to an increase of KCl vapours removed by the
sorbent reaching a maximum of 98.42% of removal efficiency for a water content 9.55%.
The trend of removal efficiency calculated with equation (7-5) is illustrated in Illustration 33.
An additional increase of moisture leads to a decrease in the removal efficiency. There
seems to be a saturation value at which KCl removal decreases. For a range of moisture
content between 5.61% and 15.69% the final KCl concentration is lower than 1 ppm. The
results show that HCl is one of the gaseous products and it  is produced at the same
amount of the solid compound KAl9O14 produced with the reaction and at the same amount
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of K adsorbed. Hcl concentration in the outlet gas goes from 18.2 ppm to 18.9 ppm for the
range of temperature investigated The chemical reaction suggested is the reaction (9-1)
already reported. There is a slight difference between the two values of removal efficiency
for the range of moisture content investigated. The variation of KCl molar flow is slightly
bigger than the amount of  KAl9O14 formed,  that is the effect of  the formation of other
components that contain K as KOH.
Illustration 33: Activated Al2O3 removal efficiency versus water vapour concentration
Water content has a positive effect on KCl removal and its presence in the gas carrier
makes chemical adsorption to occur. It is here reminded that FactSage does not take into
account physical interactions but only chemical reactions. 
9.3.2 Experimental results 
The performance of activated Al2O3 at 650°C for a water content of 0%, 3.16%, 5.61% and
9.55% is investigated also experimentally. Table 29 and 30 report separately the amount of
K and Cl dissolved in the demineralized water (Cl impinger/Kimpinger), condensed on the set-up
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pipes and on the quartz tube (Clpipes/Kpipes), adsorbed by the sorbent (Clsorbent/Ksorbent) and
their total sum (Cltot/Ktot). The correspondent KCl molar flows is calculated from Ktot and
Cltot. The considerations made in paragraph 9.2.2 are valid also in this case.
Sample 
containing Cl
Moisture content
0% 3.16% 5.61% 9.55%
Climpinger [ppm] 0.2 3.5 0.29 0.17
Clpipes [ppm] 10.64 5.99 91.6 10.12
Clsorbent [%] 4.17 4.15 4.24 4.17
Cltot [ppm] NA NA NA NA
In KCl [ppm] 4.36*10-8 3.72*10-8 1.34*10-7 3.02*10-8
Table 29: Cl concentration in the samples for different water vapour contents and sorbent
temperature set at 650°C and resultant KCl molar flow
Sample 
containing K
Moisture content
0% 3.16% 5.61% 9.55%
Kimpinger [ppm] <DL <DL 0.12 0.17
Kpipes [ppm] 20.26 10.83 26.37 1
Ksorbent [%] <DL <DL <DL <DL
Ktot [ppm] 20.26 10.83 26.49 1.17
In KCl [ppm] 4.96*10-8 3.85*10-8 3.51*10-8 3.12*10-9
Table 30: K concentration in the samples for different water vapour contents and sorbent
temperature set at 650°C and resultant KCl molar flow 
The average content of Clsorbent is 4.18% while the concentration of the reference leaching
solution is 4.47%. Also in this case the difference between the concentrations is due to an
error  of  measurement.  The  amount  of  Cl  eventually  adsorbed  can  not  be  estimated
because the high initial concentration of Cl in the leaching solution leads to an error of
measurement bigger than the eventual Cl adsorbed. The highest Cl content is found in the
pipes while a small amount is present in the impinger. Must be reminded that the different
content the four cases are different also because the duration of the test are different. For
KCl molar flow resulting from Cltot can not be identified a particular trend with the increase
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of water content. KCl molar flow resulting from Ktot instead decreases with the increase of
water content from 0% to 9.55%. Also with these operational conditions K is not detected
in relevant amount on the sorbent and most of it is measure on the pipes it is present in
smaller concentrations than 1 ppm in the impinger.  Two explanations are given for these
results, that are the same given in paragraph 9.2.2:
1) The fact that K is not detected on the sorbent suggests that KCl does not react with
activated Al2O3 with these operational conditions
2) According also to the results of the blank tests and the investigation with dry N2, KCl
could have reacted with the support made by quartz 
The considerations made in paragraph 9.2.2 referred to the case with humidified N2  are
hence valid also for these cases.
9.3.3 Discussion
Thermodynamic equilibrium calculations show that activated Al2O3  is  potentially a good
sorbent for alkali metals removal in presence of water. Highest removal is between a water
content of 5.61% and 15.69% reaching 98.42% at 9.55% of water content. A concentration
lower than 1 ppm can be reached between a concentration of water content from 5.6% to
15.69%.  The  negative  aspect  of  this  process  is  that  the  reaction  (9-1)  between  KCl
vapours and the sorbent produces HCl. The molar flow of HCl produced is close to molar
flow of KCl adsorbed and HCl reaches a concentration around 18.5 ppm in the range of
moisture  content  investigated.  To  satisfy  the  contaminant  limit  in  concentration,
summarized in Table 3, a process for HCl removal is required downstream the adsorption
of alkali metals.  Thermodynamic equilibrium calculations show that chemical adsorption
occurs only in presence of water vapour. KAl9O14 is the solid compound produced by the
chemical reaction. Table 28 shows that water vapor molar flow slightly decreases between
the inlet  and the outlet  because its initial  amount is three order bigger than KCl initial
amount. This small variation in line with the rate between the reactant KCl and H2O that is
2:1 according the suggested reaction (9-1). Nevertheless experimental results do not show
interaction between activated Al2O3 and KCl for each water content. K is not detected also
in the impinger bottle. These results suggested that the adsorption might have occurred
before the sorbent and precisely on the support that is made by SiO2. This hypothesis is
verified by the analysis of the support that showed that K chemically reacted with it. The
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chemical reaction between SiO2 and KCl, suggested with equation (9-2), leads also to the
production of  HCl.   Thermodynamic equilibrium calculations show that  at  higher  water
content chemical adsorption on SiO2 is favoured, the support adsorbes higher amount of K
and consequently more Cl is released in the form of HCl vapours. In this regard, it  is
observed that apart the case with the lowest water content of 0% and 3.16%, in the case
with 5.61% and 9.55% of moisture content, molar flow of Cl detected downstream is ten
times  higher  than  the  one  of  K.  This  result  ca  be  a  reasonable  consequence  of  the
adsorption of KCl on the support. Lastly after the tests is observed that the internal surface
of the contaminant pipe became more rough and opaque at the same level where the
contaminant salt is placed. This fact suggests that, although   at minimum level, also the
quartz tube reacts with KCl vapours. 
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10. Recommendations for future research
During  the  experimental  investigation  same  problems  have  been  individuated.  The
problems encountered are following listed with the respective suggestion on how to solve it
for a further experimental investigation. Based on the study some recommendations are
also suggested:
 Radial  temperature  gradient  in  the  furnace  is  from  ±2.63°C/cm  to  ±4.73°C/cm
according to the axial  position. Thermodynamic equilibrium calculations show that
with this variation in temperature the concentration of KCl contaminant in the gas
carrier can vary from 14.13 ppm to 26.68 ppm. When a blank test is performed, if the
total  K and Cl  leaving the contaminant bed as KCl vapour is measured for each
experiment, the initial KCl molar flow can be calculated and a comparison with the
results  of  thermodynamic  equilibrium  calculations  can  still  be  done.   The
performances of activated Al2O3 are investigated for a range of sorbent temperature
going from 650 to 850°C with a step of 50°C. The minimum difference of performance
is  at  low  sorbent  temperature  of  650°C-700°C  at  which  the  removal  efficiency
decreases from 95.2% to 89.5%. The removal  efficiency is more sensitive to  the
radial temperature gradient at high sorbent temperature, at which decreases more
rapidly  from  66.7%  to  51.4%  at  800-850°C  respectively.   Since  the  step  of
temperature investigated is higher than the radial temperature gradient a trend can
still be found. Nevertheless it must be taken into account that a variation of the initial
concentration leads to a change of the sorbent's performance as observed in chapter
2.  The  effect  of  a  variation  in  concentration  of  the  contaminant  on  the  removal
efficiency is further discussed in the next point.
 Axial  temperature  gradient  in  the  furnace  is  around  1°C/cm in  the  centre  and  it
increases towards the extremities, where its is around 40°C/cm.  Sorbent's height is
1.25 cm and to decrease the effect of the axial temperature gradient the sorbent is
placed optimally close to the centre of the furnace where the temperature gradient is
minimum. In this way the sorbent temperature varies less than 2°C from the bottom
to  the  top.  To  maintain  this  condition  the  temperature  of  the  furnace  has  to  be
increased or decreased according to the test performed since it is tested between
650°C  and  850°C.  The  contaminant  bed  is  set  at  640°C,  always  at  a  lower
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temperature compared to the temperature of the sorbent, to avoid condensation of
the contaminant on its surface. For this reason the contaminant bed is located in the
lower part of the furnace, considering the profile temperature reported in Illustration
29, where there is a temperature gradient around 40°C/cm. It has a height of 0.8 cm
and a small  variation of its position,  of  around 0.5 cm, causes a variation of the
contaminant  concentration  in  the  gas  carrier  from 10.17  ppm to  36.27  ppm that
correspond to a contaminant bed temperature of 620°C and 660°C respectively. As
consequence a precise placement of the contaminant is required. Also in this case,
as for the radial temperature gradient, if the total K and Cl leaving the contaminant
bed is measured the contaminant molar flow can be calculated and the experimental
results can be compared with the results of thermodynamic equilibrium calculations.
To minimize the effect of the temperature gradient and to less effect repeatability of
the tests, the position of the quartz tube and the one of the contaminant bed are
changed  less  time  as  possible.  For  all  the  test  that  have  the  same  sorbent
temperature,  the  quartz  tube  and  the  contaminant  pipe  are  placed  at  the  same
position, they are performed consecutively. In this way it easier to see the effect of
the variation of water content.  The main negative effect of the presence of a big
temperature  gradient  is  that  the  variation  of  the  initial  contaminant  concentration
leads to a different conversion of K gases to adsorbed products. The effect on the
performance of activated Al2O3 of three different KCl contaminant initial concentration
are investigated: 14.13 ppm, 19.48 and 26.68 ppm. The results are reported in Table
31. The removal efficiency is calculated with equation (7-5).
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Component
Φmol 
[mol/min]
Contaminant bed temperature
630°C 640°C 650°C
In Out In Out In Out 
N2 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3 8.316*10-3
H2O 5.61% 4.94*10-4 4.939*10-4 4.94*10-4 4.939*10-4 4.94*10-4 4.938*10-4
KCl 
[ppm]
12.44*10-8
[14.13]
5.72*10-9
[0.65]
1.71*10-7
[19.48]
8.14*10-9
[0.92]
2.348*10-7
[26.68]
1.13*10-8
[1.28]
Al2O3 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102 1.00*102
HCl / 1.18*10-7
[13.4]
/ 1.628*10-7
[18.48]
/ 2.23*10-7
[25.3]
KAl9O14 / 1.18*10-7 / 1.628*10-7 / 2.23*10-7
Efficiency
[%]
95.4% 95.23% 95.18%
Δ KCl 11.86*10-8 1.628*10-7 2.23*10-7
Table 31: Input and output molar flow and removal efficiency for different KCl contaminant
concentrations at 650°C
The results show that the removal efficiency of the sorbent is effected by the variation
of KCl concentration. Higher concentration of KCl in the inlet gas flow leads also to a
higher final concentration of the contaminant in the outlet gas flow. A concentration
smaller than 1 ppm is achieved when KCl is present in the gas carrier at 14.1 ppm
and 19.5 ppm but not for 26.7 ppm. In this thesis only the effect of temperature and
water content has to be investigated and for this reason a better accuracy on KCl
concentration  obtained experimentally has to  be achieved. To decrease the  axial
temperature gradient  it  is  suggested to  thermically insulate the extremities of  the
furnace. In this way also the temperature gradient in the centre of the furnace would
decrease.  Another  solution  is  to  arrange differently  the  internal  resistance of  the
furnace. It is estimated that if the temperature gradient close to the borders would
decrease  from  40°C/cm  to  16-20°C/cm  it  would  effect  the  temperature  of  the
contaminant  bed within  10°C that  is  at  the same order  of  the radial  temperature
gradient.  When a  temperature  gradient  is  smaller  than  20°C/cm  the  effect  on
activated  Al2O3  performance  would  be  limited  as  reported  in  Table  31  and  the
experimental results can be discussed and compared.
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 It is not possible to estimate with accuracy the concentration of Cl adsorbed in the
sample of the leaching solution because it already contains an initial concentration of
Cl around 50000 ppm. Since the error of measurement of the concentration made
with  the  ICP-OES  is  around  2-3%  of  the  amount  measured,  the  error  of
measurement of the leaching solution is around 600-900 ppm that is three or four
order  bigger  than  the  amount  of  Cl  eventually  adsorbed.  For  this  reason  the
measurement is not possible to make conclusion on the amount of Cl adsorbed. To
decrease this error and to manage to detect Cl adsorbed on the sorbent is suggested
to decrease the percentage of HCl in the leaching solution to 0.01%. In this case an
error  around  1  ppm  is  achieved.  It  must  be  taken  into  account  that  the  HCl
concentration of the leaching solution is chosen in order to have enough amount of
HCl to react with KCl adsorbed on the sorbent.
 The support of the sorbent reacted with the contaminant KCl. The support is made by
a porous structure of SiO2. The amount of Cl detected on the support is lower than
the amount of K, this fact indicates that K is adsorbed in a different form that KCl.
Thermodynamic  equilibrium  calculations  show  the  formation  of  K2Si4O9 as  solid
compound. Nevertheless the error of measurement is bigger than the difference of
the two amounts, hence in reality Cl concentration could be at the same order of the
concentration of K. The support is not removable from the quartz tube so it could not
be analysed independently. Nevertheless the reaction between the quartz tube and
the contaminant KCl is neglected due its higher density compared the support and
the sorbent.  To limit adsorption on the support it suggested to change its structure
decreasing the porosity as it is for the quartz tube. To make the gas flow through it
could be made with a reticulated structure or with holes. Since usually solid sorbent
are made with spherical shape, the holes in the support have to be smaller than the
diameter of the pearls of the sorbent. To avoid completely the interaction between the
contaminant  and  the  support  a  possible  configuration  for  future  experimental
investigation is to use a porous disc as sorbent.  In this way the presence of the
support is avoided. 
 A deterioration  of  the  internal  surface  of  the  quartz  tube  of  contaminant  pipe  is
observed. An interaction between SiO2 and KCl vapours must have been occurred.
To  reduce  this  interaction  is  suggested  to  upholster  the  internal  surface  with  a
material which does not react with KCl vapours. The quartz tube also partially react
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with KCl vapours but it is not in direct contact with the salt and its chemical interaction
with the contaminant is neglected. The amount that is eventually physically adsorbed
and condensed on the tube is detected when the tube is washed with water at 95°C.
 A certain amount of K and Cl is detected on the quartz tube after is washed twice
with water at 95°C. The residual content detected indicates that the washing method
is  not  enough  to  remove  completely  the  contaminant.  The  contaminant  detected
might instead come from the support which can not be removed from the quartz tube
and it is not washed properly since adsorption on its surface was not predicted before
performing the experimental investigation. Firstly the new experimental investigation
has to be performed with a support that does not react with the contaminant and to
verify the reliability of the washing method it is suggested to perform a test and to
verify how many times the quartz tube needs to be washed to completely remove the
contaminant. 
 There is not repeatability of the blank test. The blank test highlighted that there is not
repeatability  of  the  tests  because  each  test  has  a  different  concentration  of  the
contaminant KCl even if the operational conditions are kept constant. The reasons of
the low repeatability could be:
1) Axial temperature gradient 
2) Radial temperature gradient 
3) Loss of molar flow in the circuit
The first two points are previously separately analysed.  A loss of molar flow could
have  occurred  due  to  a  hole  of  the  pipe  that  formed  during  the  experimental
investigation. Loss of molar flow can occur also in correspondence of the secondary
inlet, that is temporally closed, and in correspondence of the primary inlet and outlet
that are  temporarily and hermetically connected to the circuit  during the test. The
closure  and  the  connections  are  realized  using  grease.  Also  Glazer  et  al.  [86]
observed not  repeatability of  experimental  tests.  They explained that there is low
repeatability because time for complete evaporation differs from test to test but the
duration  of  time  of  their  tests  is  shorter,  around  10-20  minutes.  In  the  present
experimental investigation the test last  from 2h to 16h and the time for complete
evaporation is assumed to not effect KCl concentration. It is suggested to measure
the molar flow at the outlet of the set-up with a bubble flow meter to be sure that
there are not losses in the circuit. To avoid eventual loss at the inlet and outlet it is
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suggested to put enough grease for each connection. 
 For a further experimental analysis it is recommended to measure the variation of
weight  of  alkali  contaminant bed for each test.  This measurement would allow to
verify the mass balance of KCl; the total KCl detected has to be equal to the mass
variation of the contaminant bed for each test. To detect a variation of 1 mg of the
contaminant  bed,  which  is  approximately  the  sensibility  of  the  micro-balance
available in the laboratory, gas carrier with concentration of 19.6 ppm must run at
least for 16 hours. 
 Thermodynamic  equilibrium  calculations  show  that  between  400°C  and  500°C
KAl9O14 and  Al2O3  are  potentially  good  sorbent  of  HCl  in  dry conditions.  A final
concentration lower than 1 ppm is achieved in this range of temperatures. It is than
suggested  to  experimentally  test  adsorption  with  this  compound.  If  experimental
results agree with the results of thermodynamic equilibrium calculations the sorbent
of activated Al2O3 can be reused after alkali metals removal to adsorb HCl.
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11. Conclusion
In  this  thesis  is  studied  the  adsorption  process  of  alkali  metals,  one  of  the  main
contaminants of the faecal matter-derived syngas, using activated Al2O3 as solid sorbent at
high  temperature.  A  concentration  of  1  ppm  must  be  achieved  to  satisfy  the  limit
concentration  requirements  of  the  SOFC placed downstream the plasma gasifier.  The
removal of alkali metals is one of the phase of a comprehensive multi-pollutant sorbent
development that is underway in TU Delft  Process and Energy laboratory. From recent
study dry syngas cleaning process at high temperature appears to be potentially more
efficient and cleaner than the proven wet cleaning or semi-wet cleaning process. CTGCS
is relatively a mature technology while HTGCS is still under development and not as well
commercialised. The thermodynamic analysis of the system, made up of a dryer, plasma
gasifier, gas cleaning unit and SOFC, showed that when gas cleaning at high temperature
is  implemented there  is  an  increase of  the  performance of  the  system.  Compared  to
CTGCS, when HTGCS is implemented total efficiency increases around 16% with 873 K
as lowest temperature in the gas unit cleaning and around 27-28%  with 1023 K as lowest
temperature. Also electrical efficiency increases around 4-5% when HTGCS replaces a
CTGCS. Although the study here considered is referred to the implementation of alkali
metals  removal  from  faecal  matter  derived  syngas  produced  with  a  plasma  gasifier,
knowledge generated from this study is required also for the treatment of syngas derived
by different kind of feedstock, different gasification processes and for the application of the
syngas  with  a  gas  turbine.  The  effect  of  temperature  and  moisture  content  on  the
performance of activated Al2O3 is investigated experimentally with a fixed bed reactor and
performing  thermodynamic  equilibrium  calculations.  The  initial  concentration  of  the
contaminant KCl is 19.5 ppm and N2 is used as gas carrier. Thermodynamic equilibrium
calculations  and  experimental  measurements  lead  to  different  results.  The  results  of
simulations  show that  KCl  vapours  chemically  react  with  the  sorbent  only  in  case  of
humidified  N2,  producing  KAl9O14  as  solid  compound.  Its  amount  decreases  with  an
increase in temperature, highest removal efficiency of 95.24% is reached at 650°C and it
decreases to 51.98% at 850°C. A final  concentration lower than 1 ppm is achieved at
650°C.  These  results  suggest  that  chemical  adsorption  is  hindered by an  increase  in
temperature.  The presence of  moisture  has positive  effect  on  the  performance of  the
sorbent. Increasing the water vapour content from 0% to 15.7% at 650°C, KCl vapours
removed increase reaching a maximum of 98.42% of removal efficiency at a water content
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of 9.55%. An additional increase of water content leads to a decrease in removal efficiency
indicating that there is a value of water content at which alkali metals removal is maximum
between 5.6% and 15.7%. For a range of moisture content between 5.6% and 15.7% the
final KCl concentration achieved is lower than 1 ppm. Experimental results instead show
that activated Al2O3 did not adsorbe any KCl both with dry N2 and with humidified N2. Part
of the K is detected on the support of the sorbent indicating that  the contaminant KCl
reacted with the support instead that with the sorbent. Furthermore blank tests show that
there is not repeatability because the molar flow measured is not the same for all the tests
even they are performed with the same operational conditions. This irregularity can be due
to a molar flow loss along the pipes of the set-up or/and to the axial and radial temperature
gradient of the furnace that doesn't allow to set accurately the temperature of evaporation
of  the  contaminant  bed.  The  temperature  of  the  contaminant  bed  affects  the  initial
concentration of the contaminant which in turn effects the performance of the sorbent. A
reduction  of  axial  temperature  gradient  of  the furnace has to  be achieved in  order  to
discuss the results and compare the cases at different operational conditions. Although
from  the  experimental  investigation  can  not  be  draw  any  conclusion  regarding  the
performance of the sorbent, some problems are individuated, discussed and suggestion
on how to solve them are made to make possible a further investigation. According to the
results  of  thermodynamic  equilibrium  calculations  and  the  results  found  in  literature,
activated Al2O3 show high removal performance of alkali metals and it could be potentially
used for their removal at high temperature.
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Appendices
Appendix A
The  following  table  report  chemical  composition  of  a  sample  of  sewage  sludge  from
Durban Metro Area (Africa). The data are referred to the results of proximate and ultimate
analysis.  Carbon,  hydrogen,  nitrogen and sulphur  amount  were determined during the
ultimate analysis performed by TLR International Laboratories, while the other species by
IPC-OES performed in TU Delft laboratory.
Element Amount [g/kg] Composition
[%wt]
Element Amount [g/kg] Composition
[%wt]
H 42.1 4.21 % Sr 0.09145 0.009 %
C 298.9 29.89 % Zn 0.938 0.09 %
N 39.6 3.96 % Br 1.685 0.16 %
S 3.2 0.32 % Cl 3.818 0.38 %
O 488.7 48.87 % Sn 0.0533 0.005 %
Al 26.1 2.61 % Ti 0.183 0.018 %
Ca 22 2.2 % V 0.017 0.0017 %
Ba 0.215 0.02 % Fe 27.213 2.7 %
Cr 0.0357 0.003 % P 25.258 2.5 %
Cu 0.00897 0.0008 % Ni 0.147 0.014 %
K 2.11 0.21 % Pb 0.082 0.008 %
Mg 3.353 0.33 % Si 2.618 0.26 %
Mn 0.256 0.02 % Zr 0.00521 0.0005 %
Na 2.253 0.22 %
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Appendix B
The following table reports alkali content within the syngas obtained by thermodynamic
equilibrium calculations for five different feedstock. The first table show the concentration
of alkali compounds in the sewage sludge-derived syngas obtained by plasma gasification
at  2000  K.  In  the  second  table  the  concentration  of  alkali  compounds  refers  to  a
gasification temperature that  goes from 550 °C to  900 °C for  four  different  feedstock:
wood, sewage sludge, coal and RDF. Sewage sludge's chemical composition is taken from
the results performed by TLR and the IPC-OES in TU Delft laboratory shown in Appendix
A. For wood #1270, sewage sludge, RDF #2902 and coal #3050 the composition is taken
from ECN database [88]. 
Alkali metal content in the syngas at 2000 K
Outlet compound Concentration 
KCl/NaCl 439/549 ppm
KOH/NaOH 62.1/84.7 ppm
K/Na 145/630 ppm
KBr/NaBr 122/128 ppm
Feedstock sewage
sludge 
wood coal RDF
K content 2.11 g 0.890 g 1.638 g 1.364 g
Na content 2.253 g 0.670 g 0.319 g 2.955 g
Cl content 3.82 g 0.94 g 0.23 g 11.36 g
Gasification
Temperature
Outlet
compound
[ppm] [ppm] [ppm] [ppm]
550 °C KCl/NaCl 28.8/21.3 0.5/0.2 <0.01 21.9/25
(KCl)2/(NaCl)2 301.2/
499.3
0.1/0.04 <<0.01 174/695
KH/NaH <0.01 <<0.01 <<0.01 <<0.01
KOH/NaOH
(KOH)2/
30.5/21.3
16.1
<0.01 <<0.001 <0.1
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(NaOH)2
K/Na 0.3/2.98 <0.01 <0.01 <0.1
KBr/NaBr
(NaBr)2/
(KBr)2
23.8/11.5
79.8/69.2
/ <0.01 /
KCN/NaCN 1.38/13.9 <0.01 122/13.9 <0.1
(KCN)2/
(NaCN)2
0.013/
50.9
<0.01 103.9/
47.8
<<0.01
600 °C KCl/NaCl 57.9/48.1 3.3/1.3 <0.01 45/55.6
(KCl)2/(NaCl)2 261/
479
0.8/0.3 <<0.01 158/640
KH/NaH < 0.001 ppm <0.01 <<0.01 <<0.01
KOH/NaOH
(KOH)2/
(NaOH)2
54.1/42.9
10/
75.1
<0.01 <<0.001 0.19/
K/Na 1.19/10 ppm <0.01 <0.01 0.01/0.15
KBr/NaBr 149/140ppm / <<0.01 /
KCN/NaCN 96 ppm <0.01 329/108 0.08/1.3
(KCN)2/
(NaCN)2
0.01/ 
34.9
<<0.01 67.4/40.3 <<0.01
650 °C KCl/NaCl 104.3/98.2 16.2/6.8 <0.01 81/111
(KCl)2/(NaCl)2 215.1/
452.6
5.2/2.2 <<0.01 131/578
KH/NaH <<0.01 <0.01 <<0.01 0.5/0.66
KOH/NaOH 82.4/75 0.02/<0.01 <<0.01 0.5/0.66
(KOH)2/
(NaOH)2
5.4/45.4 <0.01 <<0.01
K/Na 3.2/30 <0.01 <0.01 0.06/0.85
Kbr/NaBr
(KBr)2/
(NaBr)2
70.4/45.4
37.1/
56.9
/ <<0.01 /
KCN/NaCN 3.2/32.2 <0.01 259/50.4 0.26/3.7
(KCN)2/ <0.01 <0.01 35.3/29.4 <<0.01
121
(NaCN)2
700 °C KCl/NaCl 170.9/182.2 65.8/16.3 <0.01 131/202
(KCl)2/(NaCl)2 169.2/411.9 25.1/3.3 <<0.01 100/50
KH/NaH <0.01/0.06 <0.01 <<0.01 <0.01
KOH/NaOH
(KOH)2/
(NaOH)2
100/104.5
2.2/20.7
0.2/0.05
<0.01
<<0.01 1.12/1.68
K/Na 6.1/58.1 0.02/0.05 <<0.01 1.68/3.8
Kbr/NaBr
(KBr)2/
(NaBr)2
98.9/73.6
22.6/40.7
/ <0.01 0.27/
KCN/NaCN
(KCN)2/
(NaCN)2
2.4/23.8
<0.01/1.8
0.02/0.05
<0.01
297.4/73.9
15.7/17.5
0.6/8.63
750 °C KCl/NaCl 255.3/304.6 128.3/21.6 <0.01 188/335
(KCl)2/(NaCl)2 125/347.9 31.5/1.7 <<0.01 67.9/421
KH/NaH <0.01 <0.01 <<0.01 <0.1
KOH/NaOH
(KOH)2/
(NaOH)2
101.6/119.7
/7.3
1.9/0.3
<0.01
<<0.01 2.08/3.67
K/Na 8.8/85.5 0.4/0.5 0.034/<0.01 0.86/12.5
Kbr/NaBr
(KBr)2/
(NaBr)2
121.6/119.7
11.8/
24.8
/ <<0.01 /
KCN/NaCN
(KCN)2/
(NaCN)2
1.3/13.5 0.2/0.2 314.5/91.7
8.46/6.64
0.9/13.3
800 °C KCl/NaCl 344.8/456.5 150.8/30.7 <0.1 239/503.9
(KCl)2/(NaCl)2 83.8/
264.3
16/11.9 <<0.01 40.3/322
KH/NaH <1 ppm <0.01 <<0.01 <0.1
KOH/NaOH
(KOH)2/
94.2/4.84
0.2/2.4
7.8/1.5
<0.01
<<0.01 3.26/6.8
122
(NaOH)2
K/Na 11.1/110 2.2/3.3 0.06/<0.01 1.96/30.9
Kbr/NaBr
(KBr)2/
(NaBr)2
133/127 
5.4/13.1
/ <<0.01 /
KCN/NaCN
(KCN)2/
(NaCN)2
0.73/7.2 /0.7 320.5/100.9
2.85/3.59
0.9/14.6
HCl <1 ppm 0.2 <0.01 0.45
850 °C KCl/NaCl 421.9/610.6 151.1/49.2 <0.01 273/677
(KCl)2/(NaCl)2 50.5/176.5 6.5/1.1 <<0.01 21.3/217
KH/NaH <0.01/0.2 <0.01 <0.01 <0.1/0.1
KOH/NaOH
(KOH)2/
(NaOH)2
85.3/124.2
0.06/0.8
20.4/6.6
<0.01
<<0.01 4.45/11
K/Na 13.4/135 7.6/1.7 0.12 3.6/61.8
Kbr/NaBr
(KBr)2/
(NaBr)2
135/143
2.3/6.4
/ <0.01 /
KCN/NaCN
(KCN)2/
(NaCN)2
0.3/3.9 0.7/1.6 321.4/104.4
1.28/1.48
0.78/13.1
900 °C KCl/NaCl 475.4/732.6 129.6/79.7 <0.1 291.9/811
(KCl)2/(NaCl)2 27.9/103.3 2/1.2 <0.01 10.5/12.6
KH/NaH <0.01 <0.01/0.1 <<0.01 <0.01
KOH/NaOH
(KOH)2
78.5/122.5 39.5/24.6 <<0.01 5.6
K/Na 15.9/160 19/75.9 0.2/0.07 5.6/105
KBr/NaBr 134.4/153.7 / / /
KCN/NaCN 0.2/2.2 0.8/3.3 319.9/105.2 0.6/10.6
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